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Chapter 1  
Introduction 
 
Negative hydrogen (H-) ion sources have a wide range of application in fields such as 
fusion plasma heating, particle accelerators, and medical use. In these H- ion sources, 
common requirements are to produce the high current beams with good beam optics. In 
order to meet these requirements, one of the crucial issues is to optimize the beam optics 
i.e. to suppress the beam divergence part.  
In this thesis, a numerical simulation model has been developed to investigate the H- 
beam optics in H- ion sources for fusion plasma heating. Based on the simulation results, 
the physics process for the H- ion beam formation process will be clarified. In this chapter, 
the background and the purpose of this study will be explained. 
 
1.1 Research background 
 
In the beginning of the 21st century, an increase in the global energy consumption is 
expected due to the following factors: population growth, developing countries are 
becoming more affluent and developed countries continue to increase their energy 
consumptions [1.1]. In the present, more than 85% of the total world energy is supplied 
by the combustion of the fossil fuels, e.g. gas, oil, and coal. However, these fossil fuels 
are limited and their widespread use has an adverse environmental impact. The 
combustion of fossil fuels produces CO2, which is one of the main causes of global 
warming. Therefore, the mankind requires a reliable alternative energy source, which can 
satisfy the energy demand in the future with small adverse environmental impact. 
Recently, nuclear fusion reactors have attracted a great deal of attention as one of the 
most promising candidates as an alternative energy source [1.2-1.3]. The nuclear fusion 
reactor is a system to produce the electricity from the nuclear fusion reactions. As a 
typical example, International Thermonuclear Experimental Reactor (ITER) is currently 
under construction in Cadarache (France). In ITER, the following nuclear fusion reaction, 
called D-T reaction will be used:  
 
2 3 4D +T He (3.52MeV)+n(14.6MeV)  ,  (1.1) 
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where D and T denote deuterium and tritium, respectively. The large amount of energy is 
released by the mass defect (m) between fuels (D and T) and fusion products (He and n) 
of reaction Eq. (1.1) according to Einstein relationship (E = mc2 with the speed of light, 
c). 
Since the nuclear fusion reactor provides the energy by reaction Eq. (1.1), the 
following advantages can be seen as an alternative energy source:  
 
Sustainability: Fusion fuels i.e. deuterium (D) and tritium (T) are of ample supply. The 
deuterium can be distilled from hydrolysis of seawater in an economically sustainable 
way. The tritium would be obtained during the fusion reaction as fusion neutrons 
interact with lithium [1.2]. Moreover, terrestrial reserves of lithium would permit the 
operation of fusion power plants for more than 1,000 years.  
Less CO2 emissions: The amount of CO2 emissions by nuclear fusion reactor is around 
20-30 times smaller than that for fossil-fuel power stations [1.3]. 
Safety: There is no chain reaction in the D-T reactions. This fact indicates that fusion 
reaction can be easily shut down by simply cutting off the D-T fuel gas supply.  
 
As shown in reaction Eq. (1.1), the fusion reaction allows us to obtain an enormous 
amount of energy. In order to initiate the nuclear fusion reactions, the positively charged 
nuclei must come close to overcome their repulsive Coulomb barrier before the attractive 
nuclear force combines the nuclei. Therefore, a mixture of deuterium and tritium gas 
should be heated up the temperature of 10 to 20 keV, i.e. more than 100 million K, in 
order to start the D-T reactions [1.1]. At such high temperature, all of the atoms are 
ionized, the D-T gas then becomes the D-T plasma in fusion reactors. 
To heat the D-T plasma up to 10-20 keV inside fusion reactors, different plasma 
heating mechanism are utilized. The ITER project is currently planning to use several 
heating systems for the D-T plasma: (1) Radio frequency heating [1.4-1.5] and (2) 
Negative ion based Neutral Beam Injection (N-NBI) heating [1.6]. The H- ion source is 
utilized in the N-NBI system as a particle source. An overview and requirements of the 
N-NBI system will be given in Sec. 1.2.  
 
1.2 Overview of negative ion based neutral beam injection systems 
 
The final goal of the N-NBI system is to produce a high-energy neutral particle beam 
and to inject the beam into the fusion reactor for heating up the D-T plasma [1.7-1.9]. In 
this section, an overview of the N-NBI system is given.  
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Figure 1.1 shows a schematic viewgraph of the NBI system. The NBI system consists 
of the following three parts: 
 
(1) Ion source to produce the ion beam 
(2) Electrostatic accelerator for the ion beam  
(3) Gas-cell neutralizer to convert the ion beam into the neutral beam  
 
First, negative hydrogen ions (H-) or deuterium ions (D-) are produced in the ion source 
(the detailed process will be shown in Sec. 1.3). These negative ions are then extracted 
from the ion source as a negative ion beam by applying a positive voltage on the 
extraction grid. Then, the extracted negative ion beam is accelerated by the electrostatic 
 
               
Fig. 1.1 Schematic viewgraph of the N-NBI system for ITER. 
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accelerator to obtain the high-energy negative ion beam. Finally, the accelerated ion beam 
is neutralized in a gas-cell neutralizer through some collisional processes (e.g. electron 
stripping collisions: -e+H H+2e ). The high-energy negative ion beam is converted to 
the high-energy neutral particle beam.  
The obtained neutral particle beam is injected into the fusion plasma reactor. By the 
beam injection, the plasma in the fusion reactor is heated up through the following 
process: Ionization and thermalization of the injected neutral particles due to the collision 
with plasma in the fusion reactor.  
 
1.3 Overview of negative hydrogen ion sources for NBI systems 
 
In this section, an overview of the H- ion source in the N-NBI system is given. The 
mechanism of the H- ion production, the beam formation, and the beam acceleration will 
be explained.  
There are several types of negative ion sources for different applications. The ion 
sources can be usually classified by the method of the plasma formation process. In this 
thesis, the main subject is the H- ion source which can produce the hydrogen plasma via 
arc discharge process (arc-discharge H- ion source).  
Arc-discharge H- ion sources produce the H- ion beam basically through the following 
steps: (1) plasma formation, (2) H- ion production, (3) H- ion extraction and beam 
formation, and (4) beam acceleration. Each process will be explained in the following 
section. 
 
1.3.1 Plasma formation process in Arc-Discharge H- ion sources 
 
Figure 1.2 shows a schematic view of arc-discharge H- ion sources. Basically, arc-
discharge H- ion sources consist of the following part: (1) driver region, (2) extraction 
region, and (3) acceleration region. In the driver region, the hydrogen plasma which is 
consists of electrons, H+. H2+ and H3+ ions is produced by the following steps: 
 
1. Heating up the filament by an external power supply to temperature high enough 
to causes the electron emission as described by the Richardson-Dushman equation 
[1.10]. 
2. The emitted electrons are immediately accelerated towards the inside of the ion 
source due to the potential difference between the filament and chamber wall 
(around 60-100 eV[1.11]). Thus, these energetic electrons are then guided into the 
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Fig. 1.2 Schematic view of H- ion sources. 
 
arc chamber containing the hydrogen gas (H2 gas) at a low pressure (~0.3 Pa).  
3. The H2 gas is ionized due to the collision with the energetic electrons, the hydrogen 
plasma is produced in the ionization chamber. 
 
In most of H- ion sources, the plasma produced in the driver region are confined by the 
external magnet [1.12, 1.13]. The permanent magnets are embedded around the arc 
chamber to produce the cusp magnetic field as shown in Fig. 1.2.  
    
1.3.2 H- ion production 
 
   From the hydrogen plasma produced in the arc-discharge, the H- ions are produced 
via the following reactions: (1)Volume Production [1.14] and (2) Surface Production 
[1.15].  
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(1) Volume Production 
 
   The volume production is discovered by M. Bacal in 1979 [1.14]. In the volume 
production process, the H- ions are produced via the following process: First, the energetic 
electrons (efast) from the filament collide with hydrogen molecules. These electron 
collisions on molecules lead to the vibrational excitation of the hydrogen molecules as 
follows: 
 
2 fast 2H ( )+e H ( ") ev v  ,                (1.2) 
where the efast is the fast electrons with the kinetic energy of ~30eV and v is the vibrational 
level. The following inequality is satisfied: v’’ > v because of the vibrational excitation 
reaction for the hydrogen molecules. Then, the relatively slow electrons (eslow: with a 
kinetic energy of ~1 eV) collide with the hydrogen molecules at high vibrational excited 
state. This collision leads to the H- production reaction, i.e. the dissociative attachment as 
follows: 
 
+
2 slowH ( ) e H Hv
     .               (1.3) 
 
In order to increase the region that contains the large amount of eslow, the magnetic 
filter field (see in Fig. 1.2) are generally utilized in H- ion sources [1.17]. The magnetic 
filter filed makes slow electrons passing through by diffusion due to the collisions with 
the background gas and/or ions. On the other hand, most of the fast electrons are 
transported along the magnetic filter field without collisions and lost at the inner wall of 
the ion source. Therefore, the magnetic filter field can separate H- ion sources chamber 
into the following two regions [1.17]: First is the driver region in Fig. 1.2, which contains 
the large amount of the fast electron (efast) created by the hot filament. The other is the 
extraction region in Fig. 1.2, which contains the large amount of the slow electron (eslow). 
From these characteristics of the magnetic filter filed, most of H2 molecules at high 
vibrational excited state are created in the driver region. Moreover, the H- production 
reaction Eq. (1.3) is taken place in the extraction region.  
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(2) Surface Production 
 
In order to enhance the H- production, surface production process has been widely 
utilized in various H- ion sources. The reaction of the surface production is given as 
follows:  
 
H atoms, H+ , H2+ and H3++wall→H- .   (1.4) 
 
The schematic view of the surface production is shown in Fig. 1.3. Some of the H atoms, 
Hା , Hଶା , and Hଷା  ions impinge on the metal surface. These impinging particles can 
capture the electrons due to the low work function at the surface. Then, H- ions are formed. 
In Ref. [1.18], the probability (p) of H- ion production from the impinging particles 
via the reaction Eq. (1.4) is given by  
 
  𝑝 = 𝑅ே𝛽ି(𝑣௭) ,     (1.5) 
 
where 𝑅ே is the particle reflection coefficient and 𝛽ି(𝑣௭) is given by 
 
  𝛽ି(𝑣௭) ≈ (2/π)exp [−π(𝜙 − 𝐸஺)/2𝑎𝑣௭],   (1.6) 
 
 
Fig. 1.3 Schematic view of the surface production. 
Chapter 1 Introduction                                                        
8 
 
where 𝑣௭ is the velocity of the ejected ion, 𝜙 is the surface work function, 𝐸஺ is the 
electron affinity of the H- ions, and a is a decay factor. In Eqs. (1.5) and (1.6), we can 
expect that decreasing the surface work function can enhance the probability of H- ion 
production. For this reason, the caesiation of metal surfaces is widely used in various H- 
ion source [1.19-1.24] because of the low surface work function of Cs (about 2 eV). In 
the experiments [1.19], it has been reported that the extracted H- ion beam current is 
increased by about 10 times due to the caesiation and resultant increase in the probability 
(p) of the H- ion production.  
 
1.3.3 H- ion extraction and beam formation 
 
In the previous Sec. 1.3.2, the typical methods to produce H- ions in H- ion sources 
have been explained. In this section, the basic concept to extract these H- ions from the 
inside of H- ion source as a beam is explained.  
Figure 1.4 shows the schematic view of the extraction region in Fig. 1.2 and H- 
extraction process. It should be noted that Fig. 1.4 is the enlarged view of the region (A) 
in Fig. 1.2. The extraction region includes two grids: Plasma Grid (PG) and Extraction 
Grid (EG). Both grids are positively biased with respect to the grounded chamber wall in 
order to extract the H- ions and repel the positive ions.  
Generally, the PG is positively biased by a few Volt with respect to the grounded chamber 
wall. This is because the positive bias applied to the PG can reduce the undesirable co-
extracted electrons since the electrons are attracted towards the PG [1.25].  
 
Fig. 1.4 Schematic view of the extraction region and H- ion extraction process [1.9]. 
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The EG is also positively biased with respect to the grounded chamber wall. The 
voltage applied between the PG and the EG is usually in the order of a few kV (~10kV). 
Due to such a high-voltage compared with the PG, the H- ions in the ion source are 
extracted as a beam.  
While the H- ions are extracted, some of the electrons are also co-extracted. In order 
to dump such electrons, the permanent magnets, i.e. electron suppression magnets (ESM) 
are embedded as in Fig. 1.4. The strength of the magnetic field induced by the ESM is 
strong enough to trap the electrons, while they slightly disturb the extracted H- ions 
trajectories. Thus, only the trajectories of co-extracted electrons are deflected towards the 
EG. They are then dumped as in Fig. 1.4.  
 
1.3.4 Beam acceleration 
    
After the H- beam extraction, H- beams enter the acceleration region in Fig. 1.2. In 
the acceleration region, the extracted H- ion beam increases their energy by applying high-
voltage (100 kV-1 MeV) between AG and EG. The obtained H- beams with high-energy 
are neutralized in the gas-cell neutralizer in Fig. 1.1, they are then injected into the fusion 
reactor.   
 
1.4 Requirements and current progress of negative hydrogen ion 
sources for NBI systems 
 
An overview of the N-NBI system and the H- ion source have been explained in Sec 
1.2 and 1.3. In this section, the requirement for the H- ion source in NBI system is 
described.  
In Ref. [1.8], the requirement of the NBI system for ITER have been reported as 
follows: to deliver the deuterium beam of 16.5MW with particle energy of 1 MeV and 
able to operate for long pulse of up to 3600 seconds. In order to realize such NBI system, 
the requirements of the negative ion source for NBI systems are as follows: 
 
(1) 40 A of the H- ion beam current (corresponding beam current density is 28 
mA/cm2) 
(2) 1 MeV of the beam energy  
(3) able to operate 3600 seconds of the beam extraction  
(4) equal or less than 0.3 Pa of the H2 gas pressure  
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The current status of the negative ion source for JT-60U is also shown in Table 1.1. 
Here, JT-60U is the thermonuclear fusion device developed by Japan Atomic Energy 
Agency (JAEA). The cross-sectional view of the H- ion source for JT-60U is shown in 
Fig. 1.5. The H- ion source for JT-60U has been designed to deliver the 500 keV 22 A H-
/D- beams with the 10s and a rated pulse length of 10s. The plasma is generated by a 
filament-arc discharge in the arc chamber whose sizes are 1.22×0.56×0.57 m3. The H- 
ions are produced via the volume and surface production process on the Cs layered PG, 
and they are extracted by the extraction voltage on the EXtraction Grid (EXG in Fig. 1.5). 
For the PG, EXG, and AG, the extraction area is 1.16×0.45 m2 and each grid has the 
1080 apertures with a diameter of 14 mm are aligned. The design of the single beam 
aperture on the PG, EXG, and AG are shown in Fig. 1.6. As shown in Fig. 1.6, the AG 
consists of three grids (First acceleration grid, second acceleration grid, and Grounded 
grid). 
   In Ref. [1.26], the achievements of the H- ion source for JT-60U have been reported. 
As summarized in Table 1.1, the following achievements have been obtained: (1) 23.6 A 
of the H- ion beam current, (2) 14.2 mA/cm2 of the H- ion beam current density, (3) 355 
keV of the beam energy, and the H- ion sources for JT-60U is able to operate 10 seconds 
of the beam extraction under the 0.3 Pa of the H2 gas pressure. These achievements have 
contributed the fusion plasma heating in JT-60U.  
 
 
Table 1.1 Main parameters of the H- ion source for NBI system in ITER and JT-60U. 
Parameters ITER 
Requirements 
[1.8] 
Result of H- ion 
source for JT-60U 
[1.26] 
R&D accelerator 
by QST [1.27] 
Beam Energy 1 MeV 355 keV 0.97 MeV 
Total current 40 A 23.6 A 1 A 
Beam Current density 28 mA/cm2 14.2 mA/cm2 19 mA/cm2 
Pulse Length 3600 s 10 s 60 s 
Gas pressure 0.3 Pa 0.3 Pa 0.3 Pa 
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Fig. 1.5 Cross-sectional view of the JT-60U negative ion source with three-stage 
accelerator [1.26]. 
 
 
Fig. 1.6 PG, EG, and AG in the JT-60U negative ion source [1.26]. 
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   To demonstrate the feasibility of the H- ion source for the ITER-NBI system, the 
prototype of MeV-accelerator (R&D accelerator) with a Kamaboko-type source is 
developed by the national institute for Quantum and radiological Science and Technology 
(QST). In the MeV-accelerator, the plasma is generated by a filament-arc discharge in the 
KAMABOKO-shaped chamber whose radius is 170 mm and length is 340 mm. The small 
volume of the arc chamber compared with the H- ion source for JT-60U is to focus on the 
feasibility study of the beam current density, beam energy, and pulse length. The H- ions 
are produced via the volume and surface production process on the Cs layered PG, and 
they are extracted by the extraction voltage on the EXtraction Grid (EXG in Fig. 1.7). For 
the PG, EG, and AG, each grid has the 15 apertures with a diameter of 14 mm are aligned. 
The AG consists of five grids (A1G, A2G, A3G, A4G and GRG), and 200 kV of the 
voltage is applied between each AG to achieve the beam acceleration of 1 MeV.  
   The achievements of the MeV-accelerator are summarized in Table 1.1[1.27]. They 
are (1) 1 A of the H- ion beam current, (2) 19 mA/cm2 of the H- ion beam current density, 
(3) 0.97 MeV of the beam energy, and the MeV-accelerator is able to operate 60 seconds 
of the beam extraction under the 0.3 Pa of the H2 gas pressure. From these achievements, 
the first long pulse beam acceleration of ITER-class beam current density has been 
demonstrated by the MeV-accelerator.  
 
 
Fig. 1.7 Cross-sectional view of the MeV-accelerator [1.27]. 
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1.5 Development issues of negative hydrogen ion sources for the ITER 
NBI system 
 
In the previous Sec. 1.4, the current status of the H- ion source development was 
described. As shown in Table 1.1, the MeV-accelerator succeeds to demonstrate high 
voltage beam acceleration (such as 1 MV) with the reasonable beam current density and 
pulse length. However, further improvements will be required for the pulse length of 
ITER-NBI systems. 
In order to extend the pulse length, it has been required to optimize the H- ion beam 
optics, i.e. to suppress the beam halo component which is the beam divergence part [1.28-
1.33]. This is because the beam halo component is directly intercepted by the Ground 
Grid (GG) in Fig. 1.6. Due to this interception, not only the heat load on the GG, but also 
the secondary electron emission from the GG is caused [1.28-1.30].  
In the previous studies, the formation process of the beam halo component was 
investigated by the numerical simulation model [1.29, 1.32-1.37]. On the basis of the 
studies in Refs. [1.32-1.35], the basic process of the beam halo formation can be 
summarized as follows (see in Fig. 1.8):  
 
 
Fig. 1.8 Formation mechanism of the beam halo and resultant heat loads on AG suggested 
in Refs. [1.32-1.35]. 
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(1) To extract H- ions, positive voltage (~10 kV on the PG) is applied to the EG. 
(2) The plasma close to the PG screen the penetration of the electric field by the EG 
due to Debye shielding effect. 
(3) The contour line of the |E| = 0 (E: electric field) with the curvature is formed in 
the vicinity of the PG as the green broken line in Fig. 1.8. The contour line is so-
called “Plasma Meniscus” (H- ion emissive surface) because the H- ions are 
accelerated from this contour line towards the outside of the ion source.  
(4) Some of the surface produced H- ions are extracted from the periphery of the PG. 
Since the meniscus at the periphery of the PG has the large curvature, these H- 
ions are over-focused, and become the beam halo component [1.32-1.33]. 
(5) The beam halo component is directly intercepted by the AG, the heat load on AG 
and secondary electron emission from the AG are caused.  
 
From the formation mechanism of the beam halo summarized above, the curvature of the 
plasma meniscus is key parameter to optimize the H- ion beam optics.  
In addition, the dependence of the beam optics on the plasma meniscus has been 
investigated by the 2D numerical simulation model [1.34-35]. In Ref. [1.35], the 
extraction region in H- ion source for JT-60U has been modeled by the 2D Particle in Cell 
(PIC) method. The simulation results in Ref. [1.35] are shown in Fig. 1.9. Figure 1.9 
compares the 2D H- ion density profile between the case (a) 𝛷෩୉ୋ = 120 and (b) 𝛷෩୉ୋ =
180. Here, 𝛷෩୉ୋ is the normalized extraction voltage on the EG. The green broken line 
in Fig. 1.9 shows the plasma meniscus. From the comparison between Fig. 1.9 (a) and (b), 
the penetration of the plasma meniscus and the resultant curvature of the meniscus 
  
 
 
Fig. 1.9 2D profiles of the H- ion density in the extraction region for H- ion source for 
JT-60U, the case (a) normalized extraction voltage 𝛷෩୉ୋ = 120 and (b) 𝛷෩୉ୋ = 180 
[1.35]. 
PG 
PG 
PG 
PG 
x
(b)
x
y y
(a)
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become larger due to the increase in the 𝛷෩୉ୋ . Moreover, the ratio of the beam halo 
component to the total extracted H- ion beam current has been estimated as Fig. 1.10. 
From Fig. 1.10, the ratio of the beam halo is estimated to be 25 % for the case (a), and 
50 % for the case (b), respectively. From Fig. 1.9 and 1.10, the beam optics becomes poor 
due to the increase in the curvature of the plasma meniscus. From these previous works, 
the large curvature of the plasma meniscus causes poor beam optics and resultant heat 
loads on GG.  
 
1.6 Key physics process for plasma meniscus in negative hydrogen ion 
sources 
 
In Refs. [1.24, 1.34, 1.36], it has been suggested that the ion-ion plasma in the 
extraction region is the key physics for the curvature of the plasma meniscus in Cs-seeded 
H- ion sources. Therefore, the present section explains the ion-ion plasma.  
 
 
 
Fig. 1.10 Dependence of the ratio of the beam halo on the normalized extraction voltage 
(𝛷෩୉ୋ) [1.35]. 
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1.6.1 Measurement of ion-ion plasma  
 
As shown in Fig. 1.9, the curvature of the plasma meniscus is formed when the 
shielding of the extraction field by the plasma in the vicinity of the PG is not enough. 
Therefore, the measurement of the plasma property in the extraction region in the H- ion 
source has been required to suggest the control method for the curvature of the plasma 
meniscus. 
In Cs-seeded H- ion source, a NIFS-R&D H- ion source scaled a half size of the LHD 
ones, Langmuir probe measurements at 9 mm inside from the PG has been done in Ref. 
[1.24]. Figure 1.11 (b) shows the V-I curve, i.e. dependence of the probe current (IP) on 
the probe voltage (Vp). 
In the case where the plasma consists of positive ions and electrons, i.e. a pure 
hydrogen plasma, I- in Fig. 1.11 (b) is much larger than I+ because the mass of the electron 
is much smaller than that for the H+ ion. However, Fig. 1.11 (b) shows that I- is almost 
same as I+. According to Refs. [1.38-1.41], this symmetric characteristic of V-I curve is 
observed in the case of the ion-ion plasma where the plasma mainly consists of the 
positive and negative ions instead of the electrons. Therefore, it has been shown that the 
hydrogen ion-ion plasma is formed in the extraction region of the Cs-seeded H- ion source. 
The hydrogen ion-ion plasma is also observed in other Cs-seeded H- ion sources, e.g., 
BATMAN in Max Planck-Institute für Plasma Physik (IPP) [1.42].  
  
 
 
 
Fig. 1.11 NIFS-R&D H- ion source scaled a half size of the LHD ones. (a) is the Cross-
sectional view of the ion source and (b) is the V-I curve obtained by Langmuir probe at 9 
mm inside from the PG under the Cs-seeded condition [1.24]. 
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1.6.2 Current understanding and uncertainties of ion-ion plasma 
    
   The uncertainties of ion-ion plasma are as follows: 
 
(1) The formation mechanism of the plasma meniscus under the ion-ion plasma 
(2) The formation mechanism of the ion-ion plasma itself 
 
As shown in Fig. 1.8, the plasma meniscus is formed because the plasma in the 
extraction region shields out the penetration of the extraction field. In the case of the pure 
hydrogen plasma, this shielding mechanism can be explained by Debye shielding. In the 
case of the ion-ion plasma, however, this shielding mechanism is not fully understood. 
Therefore, it has been required to clarify the formation mechanism of the plasma 
meniscus under the ion-ion plasma layer. 
For (2), the several previous studies have been done [1.34, 1.36]. In Ref. [1.34], it has 
been suggested that the electron loss along the magnetic filter field line is the key physics 
for the ion-ion plasma formation (this electron loss mechanism will be explained in Chap. 
2). However, this study is limited to the 2D Particle in Cell (PIC) model. The formation 
mechanism of the ion-ion plasma has been also investigated in Ref. [1.36]. However, its 
formation mechanism has not been fully understood yet.    
 
1.7 Purpose of this thesis and its significance 
 
As described in Sec. 1.6, the ion-ion plasma possibly affects the curvature of the 
plasma meniscus. Thus, the controlling the ion-ion plasma formation possibly contribute 
to suppressing the beam halo component.  
Although it has been suggested that the ion-ion plasma strongly affects the plasma 
meniscus curvature, the following items have not been fully understood yet: 
 
(1) The formation mechanism of the ion-ion plasma in Cs-seeded H- ion source. 
(2) The effects of the ion-ion plasma on plasma meniscus curvature and resultant 
beam optics 
 
Therefore, the purpose of this study is to clarify the formation mechanism of the ion-ion 
plasma layer and its effect on the negative ion beam optics by numerical simulation for 
the extraction region.  
The thesis is organized as follows. 
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In Chap. 1, the background and purpose of the present study are described. 
In Chap. 2, kinetic three-dimensional plasma particle simulation model (3D Particle 
in Cell: PIC model) developed in the present study is explained. Furthermore, the 
validation 3D PIC model is shown by analyzing the extraction region in the H- source for 
the large fusion device (JT-60U).  
In Chap. 3, the formation mechanism of the ion-ion plasma layer will be discussed by 
the 3D PIC simulation. In the present 3D PIC model, the global electron loss along the 
magnetic filter field line has been newly implemented by taking into account the electron 
confinement time in each direction of the parallel and perpendicular to the magnetic filter 
field in the extraction region. In Chap.3, the effect of the global electron loss along the 
magnetic filter filed line on the ion-ion plasma formation will be discussed. 
In Chap. 4, the effect of the ion-ion plasma layer on the negative ion beam optics will 
be discussed.  
In Chap. 5, the extraction mechanism of the H- ions and its effect on beam optics will 
be discussed. In the experiments, the negative ion beam mainly consists of the surface 
produced (SP) H- ions which are extracted from the inside of the ion source (bulk plasma). 
However, the extraction mechanism of the SP H- ions from the bulk plasma has not been 
fully understood. In Chap. 5, effects of Coulomb collisions between H- ions and H+ ions 
on the extraction mechanism and beam optics of extracted H- ions will be discussed. 
In Chap. 6, summary and conclusion of the present thesis will be given. 
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Chapter 2  
Numerical model for extraction region based on 
three-dimensional particle in cell model    
 
In the present study, we have developed a numerical simulation model with a 3- 
Dimensional Particle In Cell (3D PIC) model for the extraction region of the negative ion 
sources. The present chapter describes the 3D PIC model.  
 
2.1 Particle in cell model 
   
The dynamics of the plasma in the extraction region is solved in their self-consistent 
electric field by the PIC model. 
The basic concept of the PIC model is shown in Fig. 2.1. In the first step (1), the 
velocity (v) and position (x) for each particle are calculated by solving the equation of 
motion with the electric field (E) and the magnetic field (B). The equation of motion is 
solved by the Boris-Buneman version of the leap-frog method [2.1] (see Sec. 2.2 in detail).  
In the second step (2), the charge density (is calculated from all the particle 
positions based on the projection scheme (see Sec. 2.3 in detail). 
In the third step (3), the electrostatic potential () is calculated by solving Poisson’s 
Eq. with  obtained in step (2). Poisson’s Eq. is solved by the iterative method. In the 
present study, the Bi-Conjugate Gradient Stabilized method (BiCGStab) method [2.2] is 
used. Among various scheme of the preconditioner, Algebraic Multi-Grid (AMG) method 
has been chosen [2.3] (see Sec. 2.4 in detail).  
In the final step (4), the electric field (E) is obtained from  (see Sec 2.5. in detail). 
In the PIC model, steps (1)-(4) are repeated until the steady state has been reached.  
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Fig. 2.1 Basic concept of Particle in Cell model. 
 
2.2 Particle mover 
 
The 3D trajectories of the charged particles are calculated by the leap-frog method 
[2.1, 2.4]. We explain the leap-frog method in this section.  
 
2.2.1 Leap-frog method 
 
   The equations of motion for charged particles are, 
 
𝑚
d𝒗
d𝑡
= 𝑞(𝑬 + 𝒗 × 𝑩) , (2.1) 
d𝒙
d𝑡
= 𝒗 , (2.2) 
 
where m, v, q, and x are mass, velocity, charge, and position of the charged particle, 
respectively. In Eq. (2.1), E and B are the electric and the magnetic field at the particle 
position. Eqs. (2.1) and (2.2) can be discretized as follows:  
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𝑚
𝒗୬ୣ୵ − 𝒗୭୪ୢ
∆𝑡
= 𝑞 ൬𝑬୭୪ୢ +
𝒗୬ୣ୵ + 𝒗୭୪ୢ
2
× 𝑩൰  , (2.3) 
𝒙୬ୣ୵ − 𝒙୭୪ୢ
∆𝑡
= 𝒗୬ୣ୵ , (2.4) 
 
where ∆𝑡 is the time step.  
   In order to solve the discretized equation of motion Eqs. (2.3) and (2.4), the leap-frog 
method is employed. The basic concept of the leap-frog method is shown in Fig. 2.2. As 
shown in Fig. 2.2, the particle velocity at the time 𝑡 + ∆𝑡/2 is obtained from the velocity 
at the time 𝑡 − ∆𝑡/2 and the field values (E and B) at the time 𝑡. Therefore, Eq. (2.3) 
can be expressed by 
 
𝑚
𝒗(𝑡 + ∆𝑡/2) − 𝒗(𝑡 − ∆𝑡/2)
∆𝑡
= 𝑞 ቆ𝑬(𝑡) +
𝒗(𝑡 + ∆𝑡/2) + 𝒗(𝑡 − ∆𝑡/2)
2
× 𝑩ቇ . 
(2.5) 
 
On the other hand, the particle position at the time t is obtained from the velocity at the 
time 𝑡 − ∆𝑡/2. Therefore, Eq. (2.4) can be expressed by 
 
𝒙(𝑡 + ∆𝑡) − 𝒙(𝑡)
∆𝑡
= 𝒗(𝑡 + ∆𝑡/2) .  (2.6) 
 
 
Fig. 2.2 Basic concept of the leap-frog method [2.4]. 
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Next, the method to obtain the 𝒗(𝑡 + ∆𝑡/2) from 𝒗(𝑡 − ∆𝑡/2), i.e. Boris-Buneman 
version of leap-frog is explained. In this method, the 𝒗(𝑡 + ∆𝑡/2)  is calculated by 
following steps 
 
  1. Half Acceleration due to electric force by E 
 
𝒗ି = 𝒗(𝑡 − ∆𝑡/2) +
𝑞
𝑚
𝑬(𝑡)
∆𝑡
2
 . (2.7) 
 
  2. Rotation due to Lorenz force by B 
 
𝒗ା = ൤cos 𝜔ୡ∆𝑡 −sin 𝜔ୡ∆𝑡sin 𝜔ୡ∆𝑡 cos 𝜔ୡ∆𝑡
൨ 𝒗ି . (2.8) 
   
3. Half Acceleration due to electric force of E 
 
𝒗(𝑡 + ∆𝑡/2) = 𝒗ା +
𝑞
𝑚
𝑬(𝑡)
∆𝑡
2
 . (2.9) 
 
where 𝜔ୡ is the cyclotron frequency which is given by 
 
𝜔ୡ =
𝑞𝐵
𝑚
 . (2.10) 
 
2.2.2 Calculation of force on a charged particle 
    
   As will be explained later in Sec. 2.4, the electric field (E) and the magnetic field (B) 
are given at the numerical grid points. From Eqs. (2.7)-(2.9), it is necessary to calculate 
the electric field and the magnetic field at the exact particle position. In the present 
simulation model, the electric field (E) and the magnetic field (B) at the particle position 
are calculated based on the Cloud in Cell (CIC) method [2.1]. For example, E at the 
particle position in Fig. 2.3 is obtained by the following equation, 
 
 
Chapter 2 Numerical model for extraction region based on 3D PIC model          
25 
 
, , , 1, , , 1
, 1, 1 1, , 1, 1,
( )( )( ) ( ) ( ) ( )( )
( ) ( )( ) ( )
i j k i j k i j k
i j k i j k i j k
x l y m z n x l m z n x l y m n
x y z x y z x y z
x l mn l y m z n lm z n
x y z x y z x y z
 
    
                
        
         
        
　　　
E E E E
E E E
1, , 1 1, 1, 1
( )
i j k i j k
l y m n lmn
x y z x y z    
  
     
　　　 E E  ,                          (2.11) 
 
where the definitions of l, m, n, x, y, and z are shown in Fig. 2.3. The symbol Ei,j,k 
denotes the electric field at the grid point (x, y, z) = (xi, yj, zk) with xi = ix, yj = jy, and 
zk = kz (i, j, k: integer). 
 
2.3 Projection of a particle charge onto numerical grid points 
 
As described in Sec. 2.1, the charge density (at the each numerical grid point is 
obtained from each charged particle position based on a projection method. In the present 
model, the CIC method [2.1] is employed in the same way as in Sec 2.2.  
In order to explain how to calculate by the CIC method, we focus on a single charged 
particle in a numerical cell as shown in Fig. 2.3. From Fig. 2.3, the charge density at this 
numerical cell, c is given by 
 
 
Fig. 2.3 Projection of charge onto the nearest eight grids. 
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 spc
q
x y z
 
  
, (2.12) 
 
where q, x, y, and z are the particle charge, numerical cell size in the x, y, and z 
directions, respectively. The CIC method is the first order linear interpolation, i.e. the 
particle charge is distributed onto the nearest eight numerical grids as follows: 
 
 
 
, ,
( )( )
i j k
x l y m z nq
x y z x y z
      
      , 
(2.13) 
 1, ,
( )( )
i j k
q l y m z n
x y z x y z
 
   
      , (2.14) 
 
 
, 1,
( )
i j k
x l m z nq
x y z x y z
 
   

      , 
(2.15) 
 1, 1,
( )
i j k
q lm z n
x y z x y z
  
 
      , (2.16) 
 
 
, , 1
( )
i j k
x l y m nq
x y z x y z
 
   

      , 
(2.17) 
 1, , 1
( )
i j k
q l y m n
x y z x y z
  
 
      , (2.18) 
 
 
, 1, 1i j k
x l mnq
x y z x y z
  
 

     
, (2.19) 
 1, 1, 1i j k
q lmn
x y z x y z
           . (2.20) 
 
Contributions to  from all the plasma particles in the simulation domain can be 
calculated in the same manner as in Eqs. (2.13)-(2.20). 
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2.4 Poisson solver 
 
In the PIC model, the potential  is obtained by solving Poisson's Eq., 
 
𝛁𝟐𝜙 = −
𝜌
𝜀଴
 , (2.21) 
 
where 𝜀଴ is the permittivity of vacuum. In this section, the method to solve the Poisson’s 
Eq. will be explained.  
 
2.4.1 Discretization 
 
In the 3D Cartesian coordinate, Poisson’s Eq. can be expressed as follows: 
 
∂ଶ
𝜕𝑥ଶ
𝜙 +
∂ଶ
𝜕𝑦ଶ
𝜙 +
∂ଶ
𝜕𝑧ଶ
𝜙 = −
𝜌
𝜀଴
 . (2.22) 
 
In order to get the solution of Eq. (2.22), the second derivative in Eq. (2.22) can be 
discretized as: 
 
𝜙௜ିଵ,௝,௞ − 2𝜙௜,௝,௞ + 𝜙௜ାଵ,௝,௞
(∆𝑥)ଶ
+
𝜙௜,௝ିଵ,௞ − 2𝜙௜,௝,௞ + 𝜙௜,௝ାଵ,௞
(∆𝑦)ଶ
+
𝜙௜,௝,௞ିଵ − 2𝜙௜,௝,௞ + 𝜙௜,௝,௞ାଵ
(∆𝑧)ଶ
= −
𝜌௜,௝,௞
𝜀଴
 , 
(2.23) 
 
where, i,j,k is the electro-static potential value at the numerical grid with the coordinate 
(xi, yj, zk) = (ix, jy, kz). In the case where x = y = z, Eq. (2.23) can be expressed 
as: 
 
𝜙௜ିଵ,௝,௞ + 𝜙௜ାଵ,௝,௞ + 𝜙௜,௝ିଵ,௞ + 𝜙௜,௝ାଵ,௞ + 𝜙௜,௝,௞ିଵ + 𝜙௜,௝,௞ାଵ − 6𝜙௜,௝,௞
= −
𝜌௜,௝,௞
𝜀଴
(∆𝑥)ଶ . (2.24) 
 
2.4.2 Bi-conjugate gradient stabilized method with algebraic multi-grid method 
 
Poisson’s Eq. is transformed to a system of discretized equations for 𝜙௜,௝,௞ at each 
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mesh point as shown in Eq. (2.23) or Eq. (2.24). In other words, the following 
simultaneous equation can be obtained, 
 
𝑨𝒙 = 𝒃 , (2.25) 
 
where x is an unknown vector whose elements are the unknown potential at each point 
𝜙௜,௝,௞. The elements of the matrix A and vector b can be calculated by Eq.(2.23). We can 
obtain 𝜙௜,௝,௞ by solving the simultaneous equation Eq. (2.25). In order to solve Eq. (2.25), 
the present study employs the Bi-Conjugate Gradient Stabilized (Bi-CGStab) method. 
The algorithm of the Bi-CGStab method [2.2] is summarized as follows: 
 
1. Set initial guess 𝒙଴ . 
2. 𝒓଴ = 𝒃 − 𝑨𝒙଴ . 
3. Choose an arbitrary vector 𝒓଴∗  such that the inner product (𝒓଴∗ , 𝒓଴) ≠ 0, e.g. 
𝒓଴∗ = 𝒓଴ . 
4. 𝒑଴ = 𝒓଴ . 
5. Repeat (1)-(7) until the inequality ฮ𝒓௝ฮ/‖𝒃‖ < 𝜀 is satisfied for the residual 
ฮ𝒓௝ฮ , 
(1) 𝛼௝ =
(𝒓ೕ,𝒓బ∗ )
(𝑨𝒑ೕ,𝒓బ∗ )
 .  
(2) 𝒔௝ = 𝒓௝ − 𝛼௝𝒑௝ . 
(3) 𝜔௝ =
(𝒔ೕ,𝑨𝒔ೕ)
(𝑨𝒔ೕ,𝑨𝒔ೕ)
  . 
(4) 𝒙௝ାଵ = 𝒙௝ + 𝛼௝𝒑௝ + 𝜔௝𝒔௝  . 
(5) 𝒓௝ାଵ = 𝒔௝ − 𝜔௝𝑨𝒔௝ . 
(6) 𝛽௝ =
(𝒓ೕశభ,𝒓బ∗ )
(𝒓ೕ,𝒓బ∗ )
× ఈೕ
ఠೕ
 . 
(7) 𝒑௝ାଵ = 𝒓௝ାଵ + 𝛽௝(𝒑௝ − 𝜔௝𝑨𝒑௝) . 
 
The sub-steps (1)-(7) are repeated until the convergent solution is obtained, i.e., the 
inequality ฮ𝒓௝ฮ/‖𝒃‖ < 𝜀  is satisfied for the residual ฮ𝒓௝ฮ. Moreover, the Algebraic 
Multi-Grid (AMG) [2.3] method has been implemented as the preconditioner in the 
present PIC model. 
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2.5 Electric field 
 
  The electric field is determined by the gradient of the electrostatic potential, i.e. 
 
𝑬 = −𝛁𝜙 . (2.26) 
 
Thus, the electric field at the grid points (xi, yj, zk) can be given as  
 
(𝐸௫)௜,௝,௞ =
൫𝜙௜ାଵ,௝,௞ − 𝜙௜ିଵ,௝,௞൯
2∆𝑥
 , (2.27) 
൫𝐸௬൯௜,௝,௞ =
൫𝜙௜,௝ାଵ,௞ − 𝜙௜,௝ାଵ,௞൯
2∆𝑦
 , (2.28) 
(𝐸௭)௜,௝,௞ =
൫𝜙௜,௝,௞ାଵ − 𝜙௜,௝,௞ିଵ൯
2∆𝑧
 . (2.29) 
 
2.6 Model for diffusion across the magnetic filter field  
    
   As shown in Fig. 1.2 and 1.3, the electrons in the extraction region are trapped due to 
the magnetic field by the electron suppression magnets and the magnetic filter field. These 
electrons can cross the magnetic field by diffusion due to Coulomb collisions with ions 
and also elastic collisions with the hydrogen molecules and atoms. Electron diffusion 
across the magnetic filter filed is modeled by a simple random-walk model based on Ref. 
[2.5].  
In addition, it is pointed out in Ref. [2.6] that that the electrons can escape along the 
magnetic filter field much faster than diffuse across the magnetic field as shown in Fig. 
2.4. This is because the electrons can transport along the magnetic filter filed with the 
thermal velocity (𝑣୲୦,ୣ = ඥ𝑇 𝑘ୠ/𝑚ୣ). Based on Ref. [2.6], the step length of the random-
walk process xd is thus given by 
 
∆𝑥ௗ = ඥ2𝐷ୄ∆𝑡 × 𝜉௫ × ට𝜏///𝜏ୄ , (2.30) 
 
where 𝜉௫ is the normal random number and 𝐷ୄ is the diffusion coefficient across the 
magnetic field [2.7] which is given by  
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Fig. 2.4 Diffusion of electron across the magnetic filter field. 
 
 
𝐷ୄ =
𝑣୲୦,ୣଶ𝜈ୣ,୲୭୲
𝜈ୣ,୲୭୲ଶ + 𝜔ୡଶ
 . (2.31) 
 
In Eq. (2.31), 𝜈ୣ,୲୭୲ is the collision frequency for the electrons and 𝑣୲୦,ୣ is the thermal 
velocity for electrons. In Eq. (2.30), 𝜏//  and 𝜏ୄ  are the characteristic time of the 
electron loss along the magnetic filter field and the characteristic time of the electron 
diffusion across the magnetic filter field, respectively. Both of them can be estimated by 
 
// // th,e/L v  , (2.32) 
2 /L D   , (2.33) 
 
where L// is the characteristic length which is parallel to the magnetic filter field line and 
L⊥ is the characteristic length which is perpendicular to the magnetic filter field line. L// 
can be given by the length of the arc-chamber which is parallel to the magnetic filter field 
line. On the other hand, L⊥ can be given by the characteristic length of the extraction 
region.  
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2.7 Normalization of physical parameters  
    
   In the present 3D PIC model, the physical parameters are normalized based on Refs. 
[2.6, 2.8, 2.9]. The normalization in the present 3D PIC model is summarized in Table 
2.1. In Table 2.1, 𝜆ୈୣ, 𝜔୮ୣ, 𝑣୲୦ 𝑒, 𝑘୆ , and 𝑚ୣ are Debye length by electrons, plasma 
frequency, thermal velocity of the electron, Boltzmann constant and electron mass, 
respectively. Here, 𝜆ୈୣ and 𝜔୮ୣ can be given by  
 
B e
De 2
e
k T
n e
  , (2.34) 
2
e
pe
e
n e
m
  . (2.35) 
 
These values are estimated from the initial electron density (ne) and temperature (Te). In 
addition, symbols with the tilde denote the normalized physical quantities.  
 
2.8 Reduced size scaling 
 
Since the present simulation model is the 3D PIC model, a massive computational 
cost is required. In order to overcome this problem, the several scaling method has been 
discussed and proposed in Refs. [2.6, 2.8-2.10].  
In the present 3D model, the following reduced size scaling has been used: The 
characteristic length of the simulation domain (Lsim) can be given by 
 
Lsim = sLreal , (2.36) 
 
Table 2.1 Normalization for each physical parameters [2.6-2.8]. 
Physical parametes Symbol Eq. for Normalization 
x x~  Dex   
y y~  Dey   
z z  De/z   
t t~  pet  
v v  thv v  
  ~  ee kT  
B B~  e peeB m   
J J~  theevnj  
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where s and Lreal are scaling factor (s < 1) and the characteristic length in the real system, 
respectively.  
The strength of the magnetic field in the simulation (Bsim) is also scaled as follow: 
 
Bsim = s-1Breal , (2.37) 
 
where Breal is the magnetic field in the real system. This relationship can be derived by 
keeping the ratio of the Larmor radius to the characteristic length the same as that in the 
real system. 
The extraction voltage (ext, sim) is also scaled as follow: 
 
ext, sim = s4/3ext, real , (2.38) 
 
where ext, real is the extraction voltage in the real system. This relationship corresponds 
to keeping the perveancce P in the simulation the same as in the real system (See Ref. 
[2.6]). The validation of this reduced size scaling has been checked in Refs. [2.6, 2.11]  
 
2.9 Simulation model for the extraction region in the JT-60U H- ion 
source based on the 3D PIC model 
  
Based on the developed 3D PIC model in Sec. 2.2-2.8, we have developed the 
numerical simulation model for the extraction region of the JT-60U H- ion sources [2.11]. 
In this section, the geometry of the simulation domain, boundary conditions will be 
explained.   
 
2.9.1 Simulation domain  
 
The simulation domain for the extraction region in the JT-60U H- ion source by the 
present 3D PIC model is shown in Fig. 2.5 with a real size of 17 mm ×19 mm × 19 mm. 
As shown in Fig. 1.2, H- ion beams are extracted from the multi-apertures in the JT-60U 
H- ion source. However, it is difficult to take into all the apertures in the 3D model, 
because the computational cost is too massive. Instead, only the single aperture has been 
modeled as shown in Fig. 2.5 with the diameter of 14 mm. In addition, the x-axis is taken 
to be the direction of the H- extraction, while the z-axis is parallel to the direction of the 
PG magnetic filter field.  
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Fig. 2.5 Schematic view of the simulation domain [2.11]. 
 
2.9.2 Linear interpolation for the circular-shaped beam aperture 
 
Most of H- ion sources have the circular-shaped beam apertures on the PG as shown 
in Fig. 2.5. The present model addresses the single aperture of the PG in the Cartesian 
coordinate system. However, the aperture has the circular shape. Therefore, the boundary 
line is not always coincident with the numerical grid points as shown in Fig. 2.6. In order 
to manage such a circular-shaped aperture boundary with the Cartesian coordinate system, 
the second order linear interpolation is employed in the present model to obtain the 
discretized Poisson’s Eq.  
 
 
Fig. 2.6 Circular-shaped aperture boundary in the Cartesian coordinate system.  
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   Figure 2.7 shows an enlarged view of the region (A) in Fig. 2.6. As In Fig. 2.7, the 
numerical grids points are located at y = y0, y1, and y2, respectively. The boundary line is 
located at y = yL. As shown in Fig. 2.7, the boundary line is not coincident with the 
numerical grid cell. The region where 𝑦 ≤ 𝑦୐ is the inside of the PG while the region 
where 𝑦 > 𝑦୐ is the free space. In this case, the discretized Poisson’s Eq. at y = y1 can 
be given by 
 
dଶΦ
d𝑦ଶ
ቤ
௬ୀ௬భ
=
2
(1 − 𝛼୐)(2 − 𝛼୐)(∆𝑦)ଶ
Φ଴ −
2
(1 − 𝛼୐)(∆𝑦)ଶ
Φଵ
+
2
(2 − 𝛼୐)(∆𝑦)ଶ
Φଶ , 
(2.39) 
 
where Φ଴, Φଵ, and Φଶ are the potential at the points y = y0, y1, and y2, respectively. In 
addition, L can be given by (𝑦୐ − 𝑦଴)/∆𝑦. 
 
 
Fig. 2.7 Enlarged view of the region (A) in Fig. 2.6. 
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2.9.3 Magnetic field structure 
  
In the JT-60U H- ion source, the magnetic filter field is produced by the current 
flowing in the PG (PG-filter configuration) towards the y-direction [2.12]. This magnetic 
filter field is taken into account in the present 3D PIC model. The magnetic field structure 
is specified from the experimental data in Ref. [2.12], while the magnetic field by the 
electron suppression magnet (ESM) is not taken into account for simplicity. 
 
2.9.4 Input physical and numerical parameters 
 
The input physical parameters are summarized as in Table 2.2. These values are based 
on the previous 2D PIC model for the extraction region in the JT-60U H- ion source [2.6]. 
Moreover, the input numerical parameters are also summarized in Table 2.3. Here, the 
mesh size and time step are chosen to satisfy the numerical stability conditions as follows 
[2.1], 
 
∆𝑥, ∆𝑦, ∆𝑧 < 𝜆ୈୣ , (2.40) 
  
𝜔௣௘∆𝑡 < 2 . (2.41) 
 
Table 2.2 Physical parameters. 
Physical parameters  Symbol Value 
Electron temperature Tୣ  1 eV 
Hydrogen ion temperature 𝑇ୌశ, 𝑇ୌష  0.25 eV 
Surface produced H- ion temperature Tb 1 eV 
Electron density ne 1018 m-3 
H- emission rate from Cs covered PG jb 80 mA cm-2 
Electron Debye length De 7.43×10-6 m 
Electron thermal velocity vth 4.19×105 m/s 
Electron plasma frequency pe 5.64×1010 rad/s 
Extraction Potential ext 5 kV 
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Table 2.3 Numerical parameters. 
Numerical parameters  Symbol Value 
Mesh size x, y, z 0.625De 
Scaling factor s 3.717×10-2 
Total mesh number Nx, Ny, Nz 137×153×153 
Time step t 0.4/pe 
Number of initial particles: electron 𝑁ୣ 13,500,000 
Number of initial particles: H+ 𝑁ୌశ  15,000,000 
Number of initial particles: volume produced 
H- (H୚୔ି ) 
𝑁ୌ౒ౌష  1,500,000 
Parameter for the electron loss along the 
magnetic filter field 
ට𝜏///𝜏ୄ  
0.08 
 
2.9.5 Boundary conditions for the particles and electrostatic potential  
 
The boundary condition for the particles and potential in the present 3D PIC model 
are shown in Fig. 2.8. In the initial state, electrons, H+ ions and volume produced H- ions 
are loaded in the source region in Fig. 2.8. The total number of the initial test particles for 
each species is shown in Table 2.3. The total number of the initial particles is equivalent 
to 10-20 particles in each numerical cell. The initial velocity for each particle is sampled 
from Maxwellian distribution with the temperature shown in Table 2.2. More specifically, 
the initial velocity for each component, i.e. 𝑣෤௫,଴, 𝑣෤௬,଴ and 𝑣෤௭,଴ are given by the Box-
Muller method [2.13] as follows: 
 
𝑣෤௫,଴ = ඥ−2 ln 𝑅ଵ cos(2𝜋𝑅ଶ) , (2.52) 
  
𝑣෤௫,଴ = ඥ−2 ln 𝑅ଵ sin(2𝜋𝑅ଶ) , (2.53) 
  
𝑣෤௭,଴ = ඥ−2 ln 𝑅ଷ cos(2𝜋𝑅ସ) , (2.54) 
 
where 𝑅௞ (k=1, 2, 3, and 4) is a uniform random number over the interval [0, 1).  
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Fig. 2.8 Schematic view of the boundary conditions for the particles and potential.  
 
The surface produced (SP) H- ions are launched at the PG surface by a given number 
of particles per each time step. The initial velocity of the surface produced negative ions 
have been sampled from the Half-Maxwellian with the temperature Tb shown in Table 
2.2. Here, the number of surface produced negative ions per each time step is determined 
by the emission rate of the SP H- ions, jb. Here, jb is set to be 80 mA cm-2 which is almost 
the same values as used in Ref. [2.6]. 
In the present 3D PIC model, the particle boundary conditions are determined based 
on the 2D PIC model for the extraction region in JT-60U H- ion source in Refs. [2.6-2.8]. 
As shown in Fig. 2.8, the H+ ions hitting on the PG and across the LHS boundary (𝑥෤ = 0) 
are assumed to be recycled as neutrals and re-ionized in the source region: hence a pair 
of the H+ ion and electron is reloaded into the source region at the same position. The 
negative charged particles hitting on the PG and across the LHS boundary are removed 
from the simulation domain. The negative charged particles across the RHS (𝑥෤ = 85) 
boundary are reloaded in the source region.  
The boundary conditions for the potential are also shown in Fig. 2.8. The Dirichlet 
boundary condition is employed for both the LHS and RHS boundary: 𝜙 = 0 at 𝑥෤ = 0 
and 𝜙 = 10 kV at 𝑥෤ = 85. The periodic boundary condition has been applied to the y 
and z directions for the Poisson’s equation and the particles. 
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2.10 Initial results by the 3D PIC model for the extraction region in the 
JT-60U H- ion source[2.11] 
 
Based on the above model, first we have done the initial and preliminary simulation. 
Figure 2.9 shows the 2D density profiles on the x-z mid-plane for (a) electron, (b)H+ ion, 
and (c) H− ion obtained by the developed 3D PIC model in Sec. 2.9. It should be noted 
that Fig. 2.9 shows the 2D density profile in the plane which is parallel to the PG filter 
field at z = 0 mm. In Fig. 2.9(c), the broken line shows the contour with grad ϕ = 0. This 
contour defines a plasma meniscus. The H+ ions are repelled at this contour line because 
of the positive value of the extraction voltage.  
From Fig. 2.9 (c), the simulation result shows that the plasma meniscus penetrates 
towards the inside of the ion source, i.e. it has the curvature. This tendency agrees with 
other simulation results by the 2D PIC model [2.6-2.7] and the 3D PIC model [2.14-2.15]. 
The beam profile along the orange line (x = 17 mm) in the Fig. 2.9 (c) is shown in Fig. 
2.10. In Fig. 2.10, the red solid line and green dotted line correspond to the normalized 
beam current density profile and the beam angle profile, respectively. It should be noted 
that the normalized beam current density profile in Fig. 2.10 includes the contribution by 
the SP H- ions and the VP H- ions. The definition of the beam angle,  is shown in Fig. 
2.9 (c). Based on Ref. [2.6], we define the beam divergence component, i.e. beam halo 
component in Fig. 2.10 as follows:  < 0 for z < 0 mm, or  > 0 for z > 0 mm. Here, the z 
= 0 mm corresponds to the beam center axis.  
From Fig. 2.10, the ratio of the beam halo component to the total extracted H- ion 
beam current (Phalo) is estimated to be 6.3 %. In the experiments, Phalo has been estimated 
to be 3-8%. Therefore, our simulation result of the Phalo is in reasonable agreement with 
the experiment [2.16]. 
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Fig. 2.9 2D profiles of the density in x-z mid-plane for (a) electron, (b) H+ ion, and (c) H- 
ion [2.11].  
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Fig. 2.10 H- ion beam profile along the orange line in Fig. 2.9 (c) (x = 17.0 mm, y = 0 
mm) [2.11].  
 
2.11 Summary of Chapter 2 
 
   In this chapter, we first briefly review the basic concept and principle of the PIC model. 
Then, the 3D PIC model for the extraction region of the H- ion source developed in this 
study has been explained. 
In order to confirm the validity of the developed 3D PIC model, we have analyzed the 
density profile of each charged particle and H- ion beam profiles in Fig. 2.9 and 2.10. The 
result has shown that the plasma meniscus has the curvature especially closed to the PG. 
This tendency agrees with the previous simulation results by the 2D PIC model and the 
3D PIC model. Moreover, it has been shown that the ratio of the beam halo component to 
the total extracted H- ion beam current calculated by our 3D PIC model is in reasonable 
agreement with the experiment. 
In the next Chap. 3, the 3D PIC model developed in this Chap. 2 is applied to clarify 
the ion-ion plasma formation in the extraction region.  
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Chapter 3  
Study of formation mechanism of ion-ion plasma 
layer [3.1] 
 
3.1 Introduction 
 
In various Cs-seeded negative ion sources, it has been shown that the ion-ion plasma 
layer which mainly consists of positive and negative ions is observed in front of the 
Plasma Grid (PG) [3.1-3.3]. Furthermore, it has been shown that the ion-ion plasma 
affects the negative ion beam optics from the results of various PIC code simulations [3.4-
3.7]. Therefore, it is important to clarify the mechanism of the ion-ion plasma formation 
to optimize the beam optics. 
The mechanism of the ion-ion plasma formation has been investigated in Refs. [3.8-
3.13]. In Ref. [3.8], the two Dimensions in real space and three dimensions in Velocity 
space Particle-in-Cell (2D3V-PIC) simulation has shown that the thickness of the ion-ion 
plasma layer strongly depends on the amount of the electron loss along the magnetic filter 
field. It has been shown that the mechanism of the ion-ion plasma formation is due to the 
electron loss along the magnetic filter field as one of the possibility. 
However, these simulations have been done mostly by the 2D3V-PIC model [3.8, 3.9] 
except for Ref. [3.10]. Although the mechanism of the ion-ion plasma formation has been 
investigated by the 3D3V-PIC model in Ref. [3.10], this model has not taken into account 
the effect of the electron loss along the magnetic filter field.  
The purpose of the present chapter is to clarify the mechanism of the ion-ion plasma 
formation with our 3D3VPIC model [3.14] described in Chap. 2. Especially, we focus on 
the effect of the electron loss along the magnetic filter field on the ion-ion plasma 
formation. 
 
3.2 Simulation model 
 
The 3D PIC model used in this Chapter is basically the same as in Chap. 2.9. However, 
only the coordinate origin in the 3D PIC model used in this Chapter is changed from the 
previous 3D PIC model as shown in Fig. 2.5. Thus, the simulation domain of the 3D PIC 
in this Chapter is shown in Fig. 3.1. 
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Fig. 3.1 Simulation domain [3.1]. 
 
3.3 Simulation results 
 
In the present 3D PIC model, the extracted negative ion current density has almost 
reached the quasi-steady state after the number of time steps N = 5×104, which 
corresponds to the time 𝑡 ≈ 2𝜇𝑠  after starting the beam extraction. The results of 
potential and density profiles in the present chapter are obtained by averaging the 
calculated density and potential profiles over the last 5000 PIC cycles.  
In the case of ඥ𝜏///𝜏ୄ = 0.08, the extracted H- ion current density is estimated to be 
15 mA/cm2. For the JT-60U negative ion source, the extracted D- current density is 
designed to be 13 mA/cm2; and thus, the corresponding H- current density is equal to be 
18 mA/cm2 due to the mass difference between D- and H- as described in Ref. [3.4]. The 
simulation result of the H- extracted current density reasonably agrees with the 
experimental result. Based on these basic results, we focus on the effect of the electron 
loss along the magnetic filter field on the ion-ion plasma formation in the following 
subsections. 
 
3.3.1 Effect of the electron loss along the magnetic field line on the ion-ion plasma 
formation 
 
Figure 3.2 shows the time-averaged 2D profiles of electronegativity (α = 𝑛ୌష/𝑛௘) in 
the x-z mid-plane which is parallel to the PG filter field for the case (a) ඥ𝜏///𝜏ୄ = 0.08 
and (b) ඥ𝜏///𝜏ୄ = 1.00 , respectively. Here, it should be noted that the case (b) 
ඥ𝜏///𝜏ୄ = 1.00 corresponds to the case w/o the electron loss. In the experiment of Ref. 
[3.1], the V-I prove characteristic curve in front of the PG becomes quite symmetric under 
the ion-ion plasma case, i.e. the obtained positive ion saturation current I+ is equal to be  
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Fig. 3.2 Electronegativity 𝛼 = 𝑛ୌష/𝑛௘ profiles close to the PG grid in x-z mid-plane for 
the case (a) ඥ𝜏///𝜏ୄ = 0.08, and (b) ඥ𝜏///𝜏ୄ = 1.00, respectively [3.1]. 
 
the negative ion saturation current I- (see Fig. 1.11). Therefore, from the ratio of the I- to 
the electron saturation current Ie, here we define the ion-ion plasma region where the 
following inequality is satisfied; α ≥ ඥ𝑚ୌష/𝑚ୣ ≈ 40 where mj is the mass of the j 
species. From the comparison between Fig. 3.2 (a) and (b), it is shown that the thickness 
of the ion-ion plasma layer becomes large in the case that ඥ𝜏///𝜏ୄ = 0.08, i.e. in the 
case with the large amount of the electron loss along the magnetic filter field. 
In order to discuss the thickness of the ion-ion plasma layer, the 1D density profiles 
of electron, H+, H-, and electronegativity are shown in Fig. 3.3. The profiles are plotted 
along the broken line (the x-axis) in Fig. 3.2(a) for the case (a) ඥ𝜏///𝜏ୄ = 0.08, and (b) 
ඥ𝜏///𝜏ୄ = 1.00, respectively. In Fig. 3.3, x = 9 mm corresponds to the PG surface. 
According to the definition of the ion-ion plasma layer above (α > 40), the thickness of 
the ion-ion plasma is estimated to be 3.2 mm for the case (a) and 1.2 mm for the case (b), 
respectively. From these results, it is confirmed that the ion-ion plasma is formed in 
relatively large for the case (a). On the other hand, the ion-ion plasma layer is formed just 
in front of the PG in the case (b). The results also show that the thickness of the ion-ion 
plasma layer increases for the small value of ඥ𝜏///𝜏ୄ , i.e. the large amount of the 
electron loss along the magnetic filter field. In the case for the small value of ඥ𝜏///𝜏ୄ,  
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Fig. 3.3 Density profiles of electron, H+, and H- along the x-direction (y = 9.5 mm, z = 0 
mm) for the case (a) ඥ𝜏///𝜏ୄ = 0.08, and (b) ඥ𝜏///𝜏ୄ = 1.00, respectively [3.1]. 
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the electrons are lost along the magnetic field line before they reach near the PG. 
Therefore, the charge neutrality is mainly kept by the positive ions and the surface 
produced negative ions instead of the electrons in front of the PG. These results show that 
the ion-ion plasma formation is due to the electron loss along the magnetic field line. 
Therefore, the result by the previous 2D PIC simulation [3.8, 3.9] has been confirmed by 
the present 3D model. 
As shown in Fig. 3.3, the electron density drastically reduced in the extraction region 
(4 mm < x < 7 mm) due to the electron loss along the magnetic filter filed. On the other 
hand, the results in Fig. 3.3 show that the electron density in the source region (2 mm < x 
< 4 mm) increases. This tendency will be discussed further in the next section (Sec. 3.4.2). 
 
3.3.2 The effect of the virtual cathode formation on the plasma density profile 
 
Figure 3.4 shows the potential profiles along the broken line (the x-axis) in Fig. 3.2(a) 
for the case (a) ඥ𝜏///𝜏ୄ = 0.08, and (b) ඥ𝜏///𝜏ୄ = 1.00, respectively. Both results 
show that the virtual cathode is formed in front of the PG under the surface produced 
negative ion condition. Such a potential structure has been also reported by the analytic 
models [3.15, 3.16] and other PIC models [3.10, 3.11, 3.17-3.20].  
The depth of the virtual cathode is estimated to be 2.3 V from Fig. 3.4(a) and 1.5 V 
from Fig. 3.3(b), respectively. From the comparison between Fig. 3.3 and 3.4, it is shown 
that the depth of the virtual cathode increases in the case that the ion-ion plasma is formed, 
i.e. in the case of the large amount of the electron loss along the magnetic filter field. This 
tendency will be discussed further in the next section (Sec. 3.4.1). 
Finally, from the comparison between Fig. 3.3 and 3.4, it is shown that the negative 
ion density in the extraction region increases by the decrease in the virtual cathode depth. 
Such a tendency has been also shown in the other 3D PIC code [3.15]. More specifically, 
the negative ion density in the extraction region is estimated from the extraction region 
(4 mm < x < 7 mm) in the Fig. 3.3 to be 1.0~1.5×1017 m-3 for the case (a) ඥ𝜏///𝜏ୄ = 0.08 
and 2.5~3.0×1017 m-3 for the case (b) ඥ𝜏///𝜏ୄ = 1.00, respectively. 
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Fig. 3.4 Potential profiles along the x direction (y = 9.5 mm, z = 0 mm) for the case 
(a) ඥ𝜏///𝜏ୄ = 0.08, and (b) ඥ𝜏///𝜏ୄ = 1.00, respectively [3.1]. 
 
3.4 Discussion 
 
3.4.1 The effect of the electron loss along the magnetic filter field line on the virtual 
cathode depth  
 
In this section, the reason why the depth of the virtual cathode becomes deep for the 
small value of ඥ𝜏///𝜏ୄ, i.e. for the case of the ion-ion plasma will be discussed.  
Based on Ref. [3.15], the depth of the virtual cathode in the plasma is given by 
 
𝜙୩ = 𝑇ୠ ln(𝑗ୠ/𝑗ୠ୫ୟ୶) (3.1) 
 
where 𝜙୩ and jbmax are the depth of the virtual cathode and the space charge limited 
negative ion current density from the PG at the virtual cathode (i.e. the current density of 
the surface produced negative ion), respectively. Here, the jb and Tb are fixed in the present 
simulation as input parameters, i.e. these are constants as shown in Table 2.2.  
Here, in order to avoid the charge accumulation at the virtual cathode in the steady 
state, the sum of the current density for each species should obey the following relation 
[3.15], 
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0 = 𝑗ୌశ
୚େ + 𝑗୚େ + 𝑗ୌ౒ౌష
୚େ + 𝑗ୠ୫ୟ୶ (3.2) 
 
where 𝑗୚େ, 𝑗ୌశ
୚େ, and 𝑗ୌ౒ౌష
୚େ  are the current density for the electron, the positive ion, and 
the volume produced negative ion at the virtual cathode, respectively. Dividing Eq. (3.2) 
by the unit charge +e, we have the following relation of the particle flux for each species, 
 
0 = Γୌశ
୚େ − Γୣ୚େ − Γୌ౒ౌష
୚େ − Γୠ୫ୟ୶୚େ  (3.3) 
 
where Γ୨୚େ is the particle flux density at the virtual cathode for the j-th species. For 
example, Γୠ୫ୟ୶୚େ  is the flux of the surface produced negative ions at the virtual cathode. 
Figure 3.5 shows that the schematic viewgraph of the flux for each species near the virtual 
cathode. As seen from Eq. (3.3) and Fig. 3.5, the positive ion flux, Γୌశ
୚େ in the steady 
state is given by  
 
Γୌశ
୚େ = Γୣ୚େ + Γୌ౒ౌష
୚େ − |Γୠ୫ୟ୶୚େ | (3.4) 
 
By taking into account the fact that the direction of Γୠ୫ୟ୶୚େ  is opposite to other species as 
shown in Fig. 3.5, |Γୠ୫ୟ୶୚େ | is expressed with its absolute value and negative sign in Eq. 
(3.4). From Eq. (3.4), we can understand that the decrease in Γୣ୚େ causes the decrease in 
|Γୠ୫ୟ୶୚େ | when Γୌశ
୚େ and Γୌ౒ౌష
୚େ  are almost constant. As shown in Fig. 3.3(a) and (b), Γୣ୚େ 
becomes small in the case of the ion-ion plasma due to the large amount of the electron 
loss because the majority of the electrons are lost before they reach the virtual cathode. 
In addition, the decreases in Γୌశ
୚େ and Γୌ౒ౌష
୚େ  are relatively smaller than the decrease in 
Γୣ୚େ. Therefore, we assumed that the Γୌశ
୚େ and Γୌ౒ౌష
୚େ  are almost constant. Based on these 
results, |Γୠ୫ୟ୶୚େ | becomes small due to the decrease in Γୣ୚େ as shown in Eq. (3.4). The 
decrease in |Γୠ୫ୟ୶୚େ | corresponds to the decrease in 𝑗ୠ୫ୟ୶ . Therefore 𝜙୩  should be 
reduced from Eq. (3.1) in the case of the large amount of the electron loss, i.e. the ion-ion 
plasma case. 
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Fig. 3.5 Schematic viewgraph of the particle flux density for the electron, positive and 
negative ions near the virtual cathode [3.1]. 
 
From these results, the large amount of the electron loss along the magnetic filter field 
leads ; (1) the reduction of the Γୣ୚େ, i.e. 𝑗୚େ due to the large amount of electron loss, and 
(2) the reduction of 𝑗ୠ୫ୟ୶ due to the decrease in 𝑗୚େ. Because of the reduction of 𝑗ୠ୫ୟ୶, 
the depth of virtual cathode 𝜙୩ decreases from Eq. (3.1).  
 
3.4.2 The electron density in the source region 
 
In Fig. 3.3(b) which is the case without the electron loss, the electron density in the 
source region is smaller than that in the case Fig. 3.3 (a) within the scheme of the present 
simulation. In the case (b), the surface produced negative ion density in the source region 
increases due to the reduction of the virtual cathode depth as discussed in Section 3.4.1. 
In order to keep the charge neutrality in the source region, the electron density in the 
source region becomes small in Fig. 3.3(b) that is the case without the electron loss. If the 
destruction of the negative ion is taken into account, the electron density in the source 
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region may increase in the case (b). The surface produced negative ions are possibly 
destructed due to the mutual neutralization with the positive ions and/or the electron 
impact before reaching the source region. Due to this effect, the electron density could 
become larger. However, in the present chapter, we focus on the electron loss along the 
magnetic filter field on the ion-ion plasma formation and we make the model as simple 
as possible. The effect of the negative ion destruction and other collisions on the ion-ion 
plasma formation is out of the scope of the present study. The effect will be studied 
separately in the future. 
 
3.4.3 The Thickness of the ion-ion plasma layer 
 
Our 3D model shows that the ion-ion plasma formation is due to the electron loss 
along the magnetic filter field. This result qualitatively agrees with our previous 2D 
models [3.4-3.6, 3.8, 3.9]. In that sense, the mechanism of the ion-ion plasma formation 
proposed in the present chapter is robust. On the other hand, the experimental results 
show that the thickness of the ion-ion plasma has ~15mm from the PG [3.1]. The 
thickness of the ion-ion plasma in the previous 2D model (~12mm) shows good 
agreement with experimental results [3.9], however, the thickness in the 3D model 
(~3mm) is smaller than that for the experimental results. That is because the size of the 
simulation domain inside of the ion source is forced to be small (from ~20mm in the 2D 
model to the 9mm in the 3D model) due to the limitation of the computational cost.  
 
3.4.4 Detailed modeling of the amount of the electron loss along the magnetic field 
(Multi-aperture model) 
 
In the present model, the electron loss along the magnetic filter field has been taken 
from the “ඥ𝜏///𝜏ୄ model [3.4-3.6]”. In Refs. [3.8, 3.9], the electron loss has been also 
introduced by the different way in the 2D PIC model. They have compared the results 
with and without electron loss. They have also shown that the ion-ion plasma layer is 
formed in front of the PG with the electron loss along the magnetic filter field. From these 
different modeling, it has been confirmed that the electron loss along the magnetic filter 
field plays a crucial role to understand the ion-ion plasma formation, at least in a 
qualitative sense.   
In order to quantitatively validate the effect of the electron loss on the ion-ion plasma 
formation, the “global” magnetic field structure all over the ion source should be self-
consistently taken into account by a multi-aperture model as well as local magnetic field 
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structure near the PG. This is because the global magnetic filter structure directly affects 
the electron confinement time parallel to the field line of the magnetic filter due to the 
mirror trap effect as described in Sec. 2.6. To develop the multi-aperture model with the 
3D PIC code, it is necessary to overcome the increase in the computational cost. 
 
3.5 Summary of Chapter 3 
 
To clarify the mechanism of the ion-ion plasma formation, we have analyzed the effect 
of the electron loss along the magnetic filter field on the ion-ion plasma formation and 
the potential profile by our present 3D PIC model in the extraction region of the negative 
ion source. In this model, the electron loss has been taken into account by the “ඥ𝜏///𝜏ୄ 
model” based on [3.4-3.6]. 
Our results show that the thickness of the ion-ion plasma layer strongly depends on 
the electron loss along the magnetic filter field. The thickness of the ion-ion plasma layer 
increases for the small value of ඥ𝜏///𝜏ୄ  because the electrons are lost along the 
magnetic filter field before they reach near the PG. Therefore, our result suggests that the 
ion-ion plasma formation is due to the electron loss along the magnetic filter field. These 
results have been also shown in our previous 2D models.  
In addition, the potential profiles for the case of the ion-ion plasma have been looked 
into carefully. Our results show that the potential drop of the virtual cathode is larger in 
the case of the large amount of the electron loss, i.e. in the case of the ion-ion plasma.  
From these results, the following mechanism of the ion-ion plasma formation has 
been suggested; 
(1) The particle flux density for the electron at the virtual cathode, Γୣ୚େ, i.e. the electron 
current density at the virtual cathode, 𝑗୚େ, decreases due to the large amount of the 
electron loss along the magnetic filter field as shown in Sec. 3.4.1. 
(2) The depth of the virtual cathode increases due to the decrease in 𝑗ୣ୚େ. This tendency 
is supported by Eq. (3.1), because the space charge limited negative ion current 
density, 𝑗ୠ୫ୟ୶ at the virtual cathode from the PG decreases due to the decrease in 
𝑗ୣ୚େ as shown in Sec. 3.4.1. 
(3) However, some of the surface produced negative ions with the energy greater than 
the depth of the virtual cathode will pass over the electric potential barrier and are 
accelerated toward the source region. 
(4) In order to conserve the charge neutrality, the positive ions are provided from the 
inside of the ion source.  
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(5) The charge neutrality is kept by the surface produced negative ions and the positive 
ions in front of the PG as shown in Fig. 3.3(a). 
Our previous results by the 2D PIC model of the ion-ion plasma formation have been 
confirmed by the present 3D PIC model. The electron loss along the magnetic filter field 
is shown to be very important for the ion-ion plasma formation. However, there are still 
several uncertainties or assumptions, which are discussed in Sec. 3.4. In the future, the 
model improvement described in Sec. 3.4.2-3.4.4 will be done for more quantitative 
study. 
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Chapter 4 
Effect of electron loss along magnetic filter filed on 
plasma meniscus formation and resultant beam 
optics [4.1] 
 
In Chapter 3, it has been suggested that the formation mechanism of the ion-ion 
plasma layer is due to the electron loss along the magnetic filter field line. Therefore, the 
effects of the above electron loss on the plasma meniscus and resultant beam optics are 
investigated in order to clarify how the ion-ion plasma layer affects the beam optics. This 
effects are investigated by the 3D PIC model in Chap. 2 (i.e. boundary conditions, input 
physical and numerical parameters are the same as in Chap. 2).  
 
4.1 Simulation results and discussion 
 
In the present 3D PIC model, the extracted negative ion current density has almost 
reached the quasi-steady state after the number of time steps N = 5×104, which 
corresponds to the time 𝑡 ≈ 2𝜇𝑠  after starting the beam extraction. The results of 
potential and density profiles in this chapter are obtained by averaging the calculated 
density and potential profiles over the last 5000 PIC cycles.  
 
4.1.1 Effect of the electron loss on the electron density profile 
 
In Ref. [4.2], it has been reported that the plasma meniscus strongly depends on the 
electron loss along the magnetic filter by using the 2D PIC model. In this chapter, the 
effect of the electron loss on the plasma meniscus and beam halo has been studied by 
changing the parameter of ඥ𝜏///𝜏ୄ with the 3D PIC model. Figure 4.1 shows the 
electron density profiles for the case (a)  ඥ𝜏///𝜏ୄ = 0 , (b) ඥ𝜏///𝜏ୄ = 0.04 , and 
(c) ඥ𝜏///𝜏ୄ = 0.08, respectively. Here, Fig. 4.1 shows the 2D density profiles in the x-z 
plane which is parallel to PG filter field at y = 9.5 mm. In addition, the ratio of the co-
extracted current density to the extracted H- ion current density (𝑗ୌష/𝑗 ) is estimated to 
be 𝑗ୌష/𝑗 = 65.16 in Fig. 4.1 (a), 𝑗ୌష/𝑗 = 74.93 in Fig. 4.1(b), 𝑗ୌష/𝑗 = 81.23 in  
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Fig. 4.1 2D electron density profiles in x-z mid-plane for the case (a) ඥ𝜏///𝜏ୄ = 0, (b) 
ඥ𝜏///𝜏ୄ = 0.04, and (c) ඥ𝜏///𝜏ୄ = 0.08, respectively [4.1]. 
 
 
 
(a) 
(b) 
(c) 
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Fig. 4.1(c). The reason why these values are higher than experimental results [4.3] is 
because the electron suppression magnet is not taken into account in this model. As seen 
from the comparison between Fig. 4.1(a) and (c), the electron density in the vicinity of 
the PG for ඥ𝜏///𝜏ୄ = 0.08  is higher than that for ඥ𝜏///𝜏ୄ = 0 . Therefore, the 
dependence of the electron density profile on the electron loss is verified. 
 
4.1.2 Effects of the electron loss on the H- ion density profile and the beam optics 
 
In the previous study [4.2], it is reported that the amount of the electron loss along the 
magnetic filter field is one of the critical parameters for the plasma meniscus formation 
and the fraction of the beam halo. In this section, we focus on the influence of the electron 
loss on the plasma meniscus and the fraction of the beam halo. Figure 4.2 shows the H- 
density profiles in x-z mid plane for the case (a) ඥ𝜏///𝜏ୄ = 0, (b) ඥ𝜏///𝜏ୄ = 0.04, and 
(c) ඥ𝜏///𝜏ୄ = 0.08. Here, Fig 4.2 shows the 2D density profiles in the x-z plane which 
is parallel to PG filter field at y = 0 mm. Here, it should be noted that the case where the 
value of ඥ𝜏///𝜏ୄ  is small corresponds to the large amount of the electron loss, i.e. 
thickness of the ion-ion plasma later is large according to Chap. 3. In those figures, the 
broken line shows the contour of ∇𝜙 = 0. Generally, this contour defines a plasma 
meniscus. The H- ions are started accelerating toward the outside the ion source from this 
contour. As seen from the comparison between Fig. 4.2(a) and (c), the penetration of the 
plasma meniscus into the source plasma for (c) ඥ𝜏///𝜏ୄ = 0.08 is shallower than that 
for ඥ𝜏///𝜏ୄ = 0. Such the tendency agrees well with the result by the 2D PIC model in 
Ref. [4.2]. The reason why the penetration of the plasma meniscus is shallow for the large 
value of ඥ𝜏///𝜏ୄ is explained in the following manners, 
 
(1) Electron density in front of the PG is increase due to the electron loss along the 
magnetic filter field because of the large 𝜏//. 
(2) Therefore, the effect of Debye shielding by electrons becomes large, while that 
by the H- ions becomes small. 
(3) Since the mobility of the electrons are larger than that for the H- ions, the effect 
of Debye shielding in the case of large 𝜏// becomes more efficient.  
 
We next discuss the beam halo. Figure 4.3 shows the negative ion beam profile along 
at the boundary of simulation domain (x = 17 mm, y = 0 mm). In Fig. 4.3(a), the definition 
of the beam divergence angle θ is indicated as an arrow. In Fig. 4.3(a), (b) and (c), it 
should be noted that the H- ion beam is convergent when the sign of the beam  
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Fig. 4.2 2D H- ion density profiles in x-z mid-plane for the case (a) ඥ𝜏///𝜏ୄ = 0, (b) 
ඥ𝜏///𝜏ୄ = 0.04, and (c) ඥ𝜏///𝜏ୄ = 0.08, respectively [4.1]. 
 
Plasma  
meniscus 
(a) 
(b) 
(c) 
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Fig. 4.3 Negative ion beam profiles along the line of 𝑥 = 𝑥୫ୟ୶ and 𝑦 = 0 mm for the 
case (a) ඥ𝜏///𝜏ୄ = 0, (b) ඥ𝜏///𝜏ୄ = 0.04, and (c) ඥ𝜏///𝜏ୄ = 0.08, respectively [4.1].   
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divergence angle is negative for z > 0 mm, or positive for z < 0 mm. On the other hand, 
the H- ion beam is divergent when the sign of the beam divergence angle is positive for z 
> 0 mm, or negative for z < 0 mm. Thus, it is shown that the H- beam consists of a beam 
core of convergent part and a beam halo of divergence part in Fig. 4.3. From these results, 
the ratio of beam halo to the beam core component is calculated 11.02% in Fig. 4.3(a), 
7.88% in Fig. 4.3(b) and 5.18% in Fig. 4.3(c), respectively. The reason for the decrease 
in the ratio of the beam halo due to the large value of ඥ𝜏///𝜏ୄ is because the penetration 
of the plasma meniscus is shallow as shown in Fig. 4.2 (c). 
From the above comparisons, the dependence of the plasma meniscus and beam halo 
on the electron loss has been confirmed also by 3D3V-PIC simulation as in 2D3V-PIC 
simulation observed. Therefore, the strength of magnetic filter and the size of the arc 
chamber which has effects on the electron loss and resultant ion-ion plasma are important 
for the design of the negative ion sources to suppress the fraction of the beam halo. 
 
4.2 Summary of Chapter 4 
 
The extraction region of the negative ion source is modeled with the 3D PIC method. 
The effects of electron loss along the magnetic filter field on the plasma meniscus, the 
ratio of beam halo and, beam profile have been investigated with our model. From the 
results, the fraction of the beam halo has been reduced because the penetration of the 
plasma meniscus becomes shallow in the case of the small value of the electron loss. 
Therefore, it is shown that the plasma meniscus and the fraction of the beam halo depend 
on the amount of the electron loss. 
In the present chapter, the electron loss along the magnetic filter field is modeled by 
ඥ𝜏///𝜏ୄ model. As discussed in Sec. 3.4.4, there are several uncertainties to specify the 
parameter ඥ𝜏///𝜏ୄ,e.g. effect of monotonic increase in the strength of the magnetic 
filter field toward the chamber wall on 𝜏//. This increase possibly causes the increase in 
𝜏//  due to trapping effect. Therefore, it is necessary to develop more sophisticated 
modeling of the electron loss such as the multi-aperture model suggested in Sec. 3.4.4. 
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Chapter 5 
Effect of Coulomb collision between surface 
produced H- ions and H+ ions on H- extraction 
mechanism and beam optics [5.1] 
 
5.1  Introduction 
 
In the numerical modeling for the beam optics, it is necessary to clarify the extraction 
mechanism of the H- ions, i.e. how the H- ions are extracted from the H- ion source. In the 
previous 3D PIC model [5.2-5.3], it has been shown that most of the surface produced 
(SP) H- ions are directly extracted from the tip of the Plasma Grid (PG) without passing 
through the bulk plasma region (see Fig. 5.1 region (a)).  
On the other hand, the recent experiments in the arc discharge source for the fusion 
applications have shown the other channel of the H- extraction: the H- ions are also 
extracted from the bulk plasma region which is deeply inside (1-2cm from the PG and 
extraction aperture)[5.4, 5.5]. However, the extraction mechanism of SP H- ions from the 
bulk plasma region has not been fully understood yet. 
In Refs. [5.6, 5.7], the 3D Monte Carlo transport simulations for SP H- ions have 
suggested the extraction mechanism from the bulk plasma region as shown in Fig. 5.1(b). 
Originally, the SP H- ions from the PG have a large velocity towards the inside of the H- 
ion source due to the sheath acceleration [5.8, 5.9] as shown in Fig. 5.1. In order to extract 
these H- ions from the bulk plasma region, it is necessary to change the direction of their 
velocity towards the extraction hole (velocity reversal) in Fig. 5.1(b). In Ref. [5.7], it has 
been suggested that the velocity reversal is due to the collisional momentum exchange 
with background H+ ions and neutrals: H atoms and H2 molecules. Under the relatively 
low-pressure conditions (2 -7 mTorr) in the H- ion source for fusion applications, it is 
pointed out that the dominant collision process for the H- ions might be the Coulomb 
collision with the H+ ions [5.10]. Therefore, the effect of Coulomb Collisions between H+ 
ions and H- ions (CC H--H+) seems to be very important for the velocity reversal. However, 
the results in Ref. [5.7] have shown that the total extracted current by 3D Monte Carlo 
simulation is much smaller than that for the experiments mainly because the self-
consistent electric field has been neglected.  
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Fig. 5.1 Schematic viewgraph of the velocity reversal for the SP H- ions. (a) SP H- ions     
directly extracted from the PG without passing through the bulk plasma region, and (b) 
SP H- ions extracted from the bulk plasma region due to the velocity reversal [5.1]. 
 
 
Therefore, the purpose of this chapter is to clarify the extraction mechanism of the SP 
H- ions from the bulk plasma region by the 3D PIC code with the self-consistent electric 
field and CC H--H+. In the present chapter, the effect of CC H--H+ on the H- extraction 
mechanism from the bulk plasma region is discussed. In addition, the previous 2D PIC 
simulations [5.11] have shown that the extracted H- ions from the bulk plasma mainly 
contribute to the beam convergence part, i.e. beam core component. The beam core is 
desirable to produce the H- ion beam with good beam optics. Therefore, the second 
purpose is to clarify CC H--H+ on the H- ion beam optics. More specifically, the effect of 
CC H--H+ on the plasma meniscus, beam profile, H- ion trajectories will be discussed.  
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5.2  Simulation model 
 
The simulation model used in the present chapter is basically the same as in Chap. 2. 
However, several improvements have been done as follow: The simulation domain 
between the LHS boundary and PG is extended as in Fig. 5.2(a). Due to this extension, 
the real size of the simulation domain is 26 mm × 19 mm × 19 mm for the x, y and z 
directions. Moreover, the magnetic field structure by the PG filter and electron 
suppression magnets are taken into account based on the experimental data (see Ref. [5.1] 
in detail). The boundary condition for the particles and electrostatic potential in the 
present model are shown in Fig. 5.2(b). The input physical and numerical parameters are 
summarized in Table 5.1 and 5.2, respectively.  
  
 
Fig. 5.2 Simulation model in the present Chapter. (a)Simulation domain and (b) schematic 
view of boundary conditions for the charged particles and electrostatic potential [5.1]. 
 
Table 5.1 Main physical parameters [5.1]. 
Physical parameters  Symbol Value 
Electron temperature Tୣ  1 eV 
Hydrogen ion temperature 𝑇ୌశ, 𝑇ୌష  0.25 eV 
Surface produced H- ion temperature Tb 1 eV 
Electron density ne 1018 m-3 
H- emission rate from Cs covered PG jb 100 mA cm-2 
Electron Debye length De 7.43×10-6 m 
Electron thermal velocity vth 4.19×105 m/s 
Electron plasma frequency pe 5.64×1010 rad/s 
Extraction Potential ext 10 kV 
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Table 5.2 Numerical parameters [5.1]. 
Numerical parameters  Symbol Value 
Mesh size x, y, z 0.625De 
Scaling factor S 3.717×10-2 
Total mesh number Nx, Ny, Nz 209×153×153 
Time step t 0.4/pe 
Number of initial loaded Particles: electron 𝑁ୣ 27,000,000 
Number of initial loaded Particles: H+ 𝑁ୌశ  30,000,000 
Number of initial loaded Particles: volume 
produced H- (H୚୔ି ) 
𝑁ୌ౒ౌష  3,000,000 
Parameter for the electron loss along the 
magnetic filter field 
ට𝜏///𝜏ୄ  
0.08 
 
Moreover, Coulomb collision of the SP H- ions with only the H+ ions has been newly 
taken into account by the Binary Collision Method (BCM) [5.12]. The BCM has been 
implemented as follows:  
 
(1) A pair of H+ ion and H- ion involved in the BCM is randomly chosen from the same 
spatial cell and their relative velocity 𝒖 = 𝒗ୌశ
௞ − 𝒗ୌష௟  is calculated from the 
velocities of the H- ion and H+ ions, 𝒗ୌశ
௞ , and 𝒗ୌష௟ .  
(2) In the BCM, two scattering angles, 𝜒 and  (see in Fig. 5.3) are calculated in the 
following manner: 
 
 = 2πU , (5.1) 
 
𝜒 = 2 tanିଵ 𝜉 , (5.2) 
 
where U and 𝜉 are the uniform and normal random number, respectively. The normal 
random number, 𝜉 is randomly chosen from the Gaussian distribution with its mean 
and variance, 
 
〈𝜉〉 = 0 , (5.3) 
 
〈𝜉ଶ 〉 = 𝐷௩(𝑢)∆𝑡ୡ , (5.4) 
 
𝐷௩(𝑢) = (𝑞௞ଶ𝑞௟ଶ𝑛୐lnΛ)/(8𝜋𝜀଴ଶ𝑚୩୪ଶ𝑢ଷ) ,  (5.5) 
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Fig. 5.3 Schematic view of two scattering angles, 𝜒 and  for CC H--H+ [5.1]. 
 
where nL, mkl, and ∆tc are the lower density between the 𝑛ୌశ and 𝑛ୌ౏ౌష , the reduced 
mass of particles k and l, and the time step of the BCM, respectively. In Eq. (5.5), 
Coulomb logarithm (ln Λ) has been set to be constant of ln Λ = 10 to reduce the 
computational costs, which have been estimated from the conditions of the ion source 
for JT-60U. The time step ∆tc for Coulomb Collisions is chosen to satisfy the following 
inequality: 〈𝜉ଶ 〉 ≪ 1, because the scattering angle 𝜒 due to Coulomb collision is 
essentially quite small. In the present model, we use ∆𝑡௖ = 6.8 × 10ିଵ  s = 4/𝜔୮ୣ, 
i.e. 10 times larger than that for ∆t.  
(3) From these scattering angles, the relative velocity change for each particle, ∆vk and 
∆vl are calculated. Detail of the calculations is described in Ref. [5.12].  
 
Due to the size scaling of the model, the Mean Free Path (MFP) of Coulomb collision 
has to be also scaled to keep the collisionality parameter, * the same as in real system 
(* is defined as the ratio of the MFP to the system length).  
In the present model, both of case (a) with CC H--H+ (w/ CC H--H+) and (b) without 
CC H--H+ (w/o CC H--H+) have been performed. From the comparison between these two 
cases, the effect of CC H--H+ on the H- extraction process and resultant beam optics will 
be discussed in the next section. 
 
5.3  Simulation results 
 
In the present 3D3V-PIC model, the extracted negative ion current density has almost 
reached the quasi-steady state after the number of simulation time steps N = 3.0×105, 
which corresponds to 𝑡 =  2.0𝜇s, after starting the beam extraction. The quasi-steady 
state is reached after 2 weeks of run using 16 CPUs, Xeon E5-2677@3.2 GHz. The results 
of the potential and the density profiles in the present chapter are obtained by averaging 
the calculated density and potential profiles over the last 5000 PIC cycles.  
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In both cases (a) w/ and (b) w/o CC H--H+, the total extracted H- beam current density 
(𝑗ୌష,ୣ୶୲) is estimated to be 24.5 mA/cm2 in the case (a) w/ CC H--H+, and 12.8 mA/cm2 
in the case (b) w/o CC H--H+, respectively. In the experiments, 𝑗ୌష,ୣ୶୲ in the JT-60U 
negative ion source is estimated to be 18 mA/cm2 as shown in Ref. [5.13]. As far as 
extracted H- current density concerned, both cases give realistic values compared with 
the experiments. Moreover, the ratio of the co-extracted electron current density (𝑗ୣ,ୣ୶୲) 
to 𝑗ୌష,ୣ୶୲ is estimated to be 2.0 in the case (a) w/ CC H--H+ and 11.6 in the case (b) w/o 
CC H--H+, respectively. Thus, the value of je,ext/jH-,ext  is decreased while 𝑗ୌష,ୣ୶୲  is 
increased. 
The percentage of the extracted VP H- ions in  𝑗ୌష,ୣ୶୲ is estimated to be 12% in the 
case (a) w/ CC H--H+ and 21% in the case (b) w/o CC H--H+, respectively. Therefore, the 
increase in 𝑗ୌష,ୣ୶୲ due to CC H--H+ is mainly because of the increase in the extracted SP 
H- ions.  
Based on these basic results, we focus on the effect of CC H--H+ on the plasma 
meniscus, extracted H- ion beam profile and its trajectories in the following subsections. 
 
5.3.1 Extraction mechanism of the SP H– ion from the bulk plasma region 
 
In order to clarify the extraction mechanism of SP H- ions from the bulk plasma region, 
the effect of CC H--H+ on the following items are studied: (1) the trajectories of the SP H- 
ions, (2) potential structure close to the PG and (3) Ion Velocity Distribution Functions 
(IVDF) for SP H- ions and H+ ions. 
 
A. Effect of CC H--H+ on the extracted SP H– ion from the bulk plasma region 
 
Figure 5.4 shows that the trajectories of the extracted SP H- ions for the case (a) w/ 
and (b) w/o CC H--H+, respectively. In order to avoid the complexity due to the 3D, we 
have only depicted the trajectories of the extracted SP H- which are launched along the z 
= 9.5 mm and x = 18 mm. From the comparison between Fig. 5.4(a) and (b), the case (a) 
w/ CC H--H+ has shown that the SP H- ions are extracted not only directly from the PG 
surface, but also via the bulk plasma region. On the other hand, the case (b) w/o CC H--
H+ has shown that almost all the SP H- ions are extracted directly from the PG surface. 
Therefore, our results have shown that significant part of the SP H- ions are extracted 
from the bulk plasma region due to CC H--H+. 
It should be noted that most of the previous 2D studies [5.11, 5.14-5.17] and 3D 
studies [5.17-5.19] for the H- extraction except for Refs. [5.20] and [5.21] have neglected  
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Fig. 5.4 Trajectories of the surface produced H- ions which are only extracted in x-y mid-
plane for the case (a) w/ and (b) w/o CC H--H+, respectively [5.1].  
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the effect of CC H--H+. Therefore, most of the SP H- ions seems to be extracted directly 
from the PG surface in those simulations w/o CC H--H+. 
 
B. The potential structure close to the PG 
 
Figure 5.5 shows the potential profiles along the x-axis (y = 0 mm and z = 0 mm) of 
the case (a) w/ and (b) w/o CC H--H+, respectively. The PG surface is located at the x = 
18 mm in Fig. 5.5. Both case (a) and (b) show that the virtual cathode is formed in front 
of the PG under the surface production of the H- ions. Such a potential structure has been 
also reported by the analytic models [5.8, 5.9] and other PIC simulations [5.3, 5.19, 5.22-
5.25] 
Since the virtual cathode and the plasma sheath are formed in the case (a) w/ CC H--
H+, the SP H- ions in the bulk plasma region should have the large velocity towards the 
inside of the H- ion source. However, these SP H- ions in the bulk plasma region are 
extracted in the case (a) w/ CC H--H+ as shown in Fig. 5.4 (a). In order to extract these H- 
ions, it is necessary to change the direction of their velocities towards the extraction hole 
(velocity reversal) as shown in Fig. 5.1. Therefore, these results can suggest that the 
velocity reversal for the SP H- ions has taken place in the case (a) w/ CC H--H+.  
 
 
 
Fig. 5.5 1D potential profiles along the x direction (y = 0 mm, z = 0 mm) for the case (a) 
w/ and (b) w/o CC H--H+, respectively [5.1].  
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The depth of the virtual cathode is estimated to be 0.65 V for the case (a) w/ CC H--
H+, and 0.80 V for the case (b) w/o CC H--H+, respectively. From Fig. 5.5, it has been 
shown that the depth of the virtual cathode becomes small in the case (a) w/ CC H--H+. 
This tendency will be discussed further in Sec. 5.4.2.  
Figure 5.5 shows that the plasma sheath potential, 𝜙୔ in the case (a) w/ CC H--H+ 
becomes smaller than that for the case (b) w/o CC H--H+. More specifically, 𝜙୔  is 
estimated from the Fig. 5.5 to be 0.8 V in the case (a) w/ CC H--H+, and 0.4 V in the case 
(b) w/o CC H--H+, respectively. Here, these H- density are obtained by averaging the H- 
density profile over the following region: 5mm < x < 10 mm, 0 mm < y < 19 mm, and 0 
mm < z < 19 mm. This tendency will be discussed in further in Sec. 5.4.3. 
 
C. Effect of CC H--H+ on the ion velocity distribution functions for SP H– ion and H+ 
ion 
  
Figure 5.6 shows the IVDF for the x-component (vx) at the quasi-steady state in the 
bulk region (5 mm < x < 10 mm) for the (a) SP H- ions and (b) H+ ions, respectively, i.e. 
the density in the bulk plasma region can be obtained by integrating the IVDF over the 
velocity space. It should be noted that the solid red bar and broken green bar show the 
case (a) w/ and (b) w/o CC H--H+, respectively. In Fig. 5.6 (a), the case (b) w/o CC H--H+ 
shows that most of the H- ions have the velocity towards the inside of the ion source: vx 
< 0. More specifically, there is the peak around the vx = -2 × 104 m/s which corresponds 
to the kinetic energy of 1.9 eV in the x-component for the H- ions. This kinetic energy of 
1.9eV almost corresponds to the potential difference between the bulk region and the 
virtual cathode, i.e. around 1.7 eV. In the bulk region, the SP H- ions which have enough 
initial energy to overcome the virtual cathode can only reach the bulk plasma through the 
acceleration by the sheath. Thus, they should have kinetic energy at least the potential 
difference between at the bulk region and the virtual cathode, i.e. around 1.7 eV. This is 
the reason why there is the peak around the vx = -2 × 104 m/s in the case (b) w/o CC H--
H+. 
However, the case (a) w/ CC H--H+ in Fig. 5.6(a) shows that the peak around vx = -2 
× 104 m/s is disappeared. Moreover, Fig. 5.6 (a) also shows that the SP H- ions with the 
velocity towards the extraction hole (vx > 0) are increased compared with the case (b) w/o 
CC H--H+. In other words, a part of the SP H- ions reverses the direction of their velocity 
towards the extraction hole (velocity reversal) due to CC H--H+. Therefore, our results 
have shown that the velocity reversal in the bulk region is mainly due to CC H--H+.  
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Fig. 5.6 Ion Velocity Distribution Functions (IVDF) for the x component in the bulk 
region for (a) SP H- ions and (b) H+ ions, respectively [5.1]. 
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The SP H- ions with the velocity towards the extraction hole are increased due to CC 
H--H+. On the other hand, the particle flux of the H+ ions towards the extraction hole is 
decreased as shown in Fig. 5.6(b). More specifically, the particle flux for H+ ions is 
estimated from Fig. 5.6(b) to be 2.5×1021 m-2s-1 in the case (b) w/o CC H--H+ while 
1.6×1021 m-2s-1 in the case (a) w/ CC H--H+, respectively. From the comparison between 
Fig. 5.6(a) and (b), the velocity reversal of the SP H- ions is due to the momentum 
exchange by CC with the H+ ions, which has the net momentum flux towards the PG.  
From the above results, it has been shown that SP H- ions are extracted from the bulk 
plasma only in the case where the velocity reversal for the SP H- ions takes place due to 
CC H--H+. Therefore, it can be suggested that CC H--H+ and the resultant velocity reversal 
for the SP H- ions cause the extraction of the SP H- ions from the bulk plasma region. 
 
5.3.2 Effect of CC H--H+ on the H- ion beam optics 
 
A. Effect of CC H--H+ on the plasma meniscus and SP H- ion density 
 
Figure 5.7 shows the H- density profiles in the x-y mid-plane which is parallel to the 
magnetic field by the ESM for the case (a) w/ and (b) w/o CC H--H+, respectively. It 
should be noted that Fig. 5.7 has shown the total H- density profile, i.e. the sum of the SP 
H- ions density and the VP H- ion density. In these figures, the plasma meniscus is shown 
as a green broken line. The plasma meniscus is defined here as a contour with 𝑛ୌశ = 0. 
From Fig. 5.7, the plasma meniscus penetrates into the bulk plasma at x = 16.5 mm in the 
case (a) w/ CC H--H+, while x =15.6 mm in the case (b) w/o CC H--H+. Therefore, the 
penetration of plasma meniscus with (a) CC H--H+ becomes smaller than that for the case 
(b) w/o CC H--H+.  
The plasma meniscus has the curvature near the PG in both cases Fig. 5.7(a) and (b). 
This tendency qualitatively agrees with other 2D and 3D PIC simulations [5.2, 5.3, 5.11, 
5.15, 5.17, 5.18, 5.26-5.29].  
Figure 5.7 shows that the density of the H- ions in the extraction region in the case (a) 
w/ CC H--H+ becomes larger than that for the case (b) w/o CC H--H+. More specifically, 
the H- ion density is estimated from the Fig. 5.7 to be 5.0 × 1017 m-3  in the case (a) w/ 
CC H--H+, and 3.5 × 1017 m-3 in the case (b) w/o CC H--H+, respectively. Here, these H- 
density are obtained by averaging the H- density profile over the following region: 5mm 
< x < 10 mm, 0 mm < y < 19 mm, and 0 mm < z < 19 mm. From the comparison between 
Fig. 5.5 and 5.7, it has been shown that the negative ion density in the extraction region 
is increased by the decrease in the virtual cathode depth. Such a tendency has been  
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Fig. 5.7 2D H- ion density profiles and plasma meniscus close to the PG grid in x-y mid-
plane for the case (a) w/ and (b) w/o CC H--H+, respectively [5.1].  
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also shown in other 3D PIC simulations [5.3, 5.19]. 
As shown in Fig. 5.4, CC H--H+ causes the increase in the negative ion density close 
to the PG aperture. Due to the increase in the negative ion density, the positive ion density 
is also increased close to the PG aperture in order to keep the charge neutrality. Therefore, 
the plasma density in the case (a) w/ CC H--H+ becomes larger than that for the case (b) 
w/o CC H--H+. In the case of the large plasma density, the screening effect to the H- 
extraction field becomes stronger than that for the case of the low plasma density. As a 
result, the penetration of the plasma meniscus possibly becomes small in the case (a) w/ 
CC H--H+. 
 
B. Effect of CC H--H+ on the beam profile 
 
The beam profile along the orange line (x = 26mm) in the Fig. 5.7 (a) is shown in Fig. 
5.8. Figure 5.8 (a) shows the result of the case (a) w/ CC H--H+, while Fig. 5.8 (b) shows 
the result of the case (b) w/o CC H--H+, respectively. The red solid line and green broken 
line in Fig. 5.8 correspond to the current density profile and the beam angle profile, 
respectively. It should be noted that the beam current density profiles in Fig. 5.8 (a) and 
(b) include the contribution by the SP H- ions and the VP H- ions. The definition of the 
beam angle,  is shown in Fig. 5.7 (a). Based on Ref. [5.13], we define the beam 
divergence component (i.e. beam halo component) in Fig. 5.8: < 0 for y < 9.5 mm, or 
> 0 for y > 9.5 mm. Here, the y = 9.5 mm corresponds to the beam center axis. From 
Fig. 5.8, the ratio (Phalo) of the beam halo component (𝑗ୌష,୦ୟ୪୭) to the 𝑗ୌష,ୣ୶୲ (𝑃୦ୟ୪୭ =
𝑗ୌష,୦ୟ୪୭/𝑗ୌష,ୣ୶୲ ) is estimated to be 3 % for the case (a), and 32 % for the case (b), 
respectively. Therefore, we have confirmed that CC H--H+ process strongly affects the 
Phalo, i.e. the beam optics. 
In the experiments [5.30], Phalo has been estimated to be 3~8%. Therefore, Phalo in the 
case (a) w/ CC H--H+ has shown reasonable agreement with the experiments.  
From the comparison between the Fig. 5.8(a) and (b), Phalo and the absolute value of 
𝑗ୌష,୦ୟ୪୭ in the case (b) w/o CC H--H+ is larger than that for the case (a) w/ CC H--H+. The 
reasons for this tendency are as follows: (1) As shown in Fig. 5.7, the curvature of the 
plasma meniscus becomes larger in the case (b) w/o CC H--H+, (2) most of SP H- ions are 
extracted from the tip of the PG (see Fig. 5.4) and through the periphery of the plasma 
meniscus where its curvature is relatively large (see Fig. 5.7). As suggested in Ref. [5.31], 
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Fig. 5.8 Beam profiles along the y line (x = 26.0 mm, z = 9.5 mm) for the case (a) w/ and 
(b) w/o CC H--H+, respectively [5.1]. 
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the extracted H- ions from the periphery of the plasma meniscus are over-focused due to 
its electrostatic lens effect, they are then become the beam halo component. Therefore, 
the beam halo component is increased because the curvature of the plasma meniscus 
becomes larger in the case (b) w/o CC H--H+. This tendency agrees with the previous 2D 
and 3D PIC results [5.11, 5.13, 5.15, 5.18].  
Next, we focus on the beam core component, 𝑗ୌష,ୡ୭୰ୣ . As shown in Fig. 5.8,  
𝑗ୌష,ୡ୭୰ୣ is significantly increased due to CC H--H+. Since the same initial input density 
for the VP H- ions have been used in both case (a) and (b), the increase in 𝑗ୌష,ୡ୭୰ୣ is 
mainly contributed by the SP H- ions. Therefore, the reasons for the increase in 𝑗ୌష,ୡ୭୰ୣ 
are as follows: (1) the curvature of the plasma meniscus becomes smaller due to CC H--
H+ as shown in Fig. 5.7, (2) the velocity reversal due to CC H--H+ effectively supplies the 
extracted SP H- ions from the bulk plasma region. As suggested in Ref. [5.31], the 
extracted H- ions from the bulk plasma region mainly becomes beam core component 
since most of them are extracted from the region where the curvature of the meniscus is 
small. This is the reason for the increase in the beam core component due to CC H--H+.  
   
5.4  Discussion 
 
5.4.1 The mean free path of CC H--H+ and other collision species. 
 
Our results have shown that the momentum exchange due to CC H--H+ causes the 
velocity reversal for the SP H- ions, and strongly affects the H- ion beam optics. As 
suggested in Refs. [5.6, 5.7, 5.20, 5.21], other H- collision species: (1) H--H2 Elastic 
Collision and (2) Charge eXchange between H- and H (CX) possibly contribute to the 
momentum exchange of the SP H- ions and the resultant velocity reversal. Here, we 
estimate the mean free path (MFP) of the SP H- ions for each collision species (CC H--
H+, H--H2 elastic collision and the CX, respectively). They are then compared with the 
typical dimension of the extraction region. 
The MFP of CC H--H+, the H--H2 elastic collision and the CX are estimated to be as 
follows; 
 
𝜆େେ = 𝑣ୌ౏ౌష 𝜏ୌ౏ౌష →ୌశ , (5.6) 
  
𝜆େଡ଼ = 1/𝜎େଡ଼𝑛ୌ , (5.7) 
  
𝜆ୣ୪ୟୱ୲୧ୡ = 1/𝜎ୣ୪ୟୱ୲୧ୡ𝑛ୌమ , (5.8) 
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where 𝜆୨ and 𝜎୨ are the MFP and the collision cross-section of the j-th collision species. 
Furthermore, 𝑣ୌ౏ౌష  and 𝜏ୌ౏ౌష →ୌశ is the velocity of the SP H
- ions and deflection time of 
the H- ions Coulomb collision with H+ ions. Based on Ref. [5.32], 𝜏ୌ౏ౌష →ୌశ in the MKS 
unit is given by 
 
𝜏ୌ౏ౌష →ୌశ =
ସ஠ఌబమ௠ౄషమ௩ౄ౏ౌ
ష య
௡ౄశ୪୬ஃ൫௤ౄశ∙௤ౄష൯
మ
ଵ
ଶ௳(ఞಳ)
 , (5.9) 
 
where 
 
𝛧(𝜒஻) = 𝜇(𝜒஻) + 𝜇′(𝜒஻) −
𝜇(𝜒஻)
2𝜒஻
 ,  
𝜇(𝑥) =  
2
√𝜋
න exp (−𝑦)ඥ𝑦𝑑𝑦
௫
଴
 ,  
𝜒஻ = ቀ
ଵ
ଶ
 𝑣ୌ౏ౌష
ଶቁ /(𝑘୆𝑇ୌశ/𝑚ୌశ) .  
 
In Eq. (5.9), the velocity of the SP H- ions is assumed to be thermal velocity: 𝑣ୌ౏ౌష =
ට3kBTHSP- /mH-. Moreover, we assume that ln Λ = 10 as described in Sec. 5.2.  
From Eqs. (5.6)-(5.9), the MFPs of each collision species are summarized in Table 
5.3. These MFPs are calculated under each condition in Table 5.3. To give these 
conditions, we first assume that the source filling gas pressure (𝑝ୌమ) is 0.3 Pa which is a 
typical value of the arc discharge H- ion sources for fusion applications. Next, 𝑇ୌ and 
𝑇ୌమ are assumed to be those values shown in Table 5.3, according to the Refs. [5.33-
5.35]. Then, the molecular density, 𝑛ୌమ, is specified from the relation 𝑝ୌమ = 𝑛ୌమ𝑘୆𝑇ୌమ. 
Thus the 𝑛ୌమ  is estimated to be 0.94~1.88 ×10
19 m -3 . The atomic density, 𝑛ୌ , is 
estimated to be 4.7~9.4 ×1018 m-3 based on the following relation suggested by Ref. 
[5.34]: 𝑛ୌ/𝑛ୌమ ≈ 0.5. Due to the lack of the measurements for the 𝑇ୌశ , 𝑇ୌ౏ౌష , and  
𝑛ୌశ  in the extraction region, these values are assumed to be those in Table 5.3, based on 
the values used in Refs. [5.13, 5.21 5.36-5.38]. It should be noted that the 𝑇ୌశ, 𝑇ୌ౏ౌష , 
and  𝑛ୌశ in the extraction region of our present results are in the range of the values in 
Table 5.3.  
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Table 5.3 The MFP of the H- collisions for momentum exchange [5.1]. 
Collision type MFP (cm) Conditions 
(0.3Pa of the 𝑝ୌమ) 
CC 1.8~3.8  𝑇ୌశ = 0.25~0.5 eV [5.36, 5.37]  
𝑇ୌ౏ౌష = 1.0~1.4 eV [5.21, 5.38] 
 𝑛ୌశ = 1.0 × 10ଵ଼ m-3[5.33] 
 
   
CX 8.9~19.3 𝑇ୌ = 0.3~0.4 eV [5.35] 
𝜎େଡ଼ = 1.1~1.2 × 10ିଵ଼ m-3 [5.41] 
 𝑛ୌ = 4.7~9.4 × 10ଵ଼ m-3 [5.21, 5.33] 
   
Elastic collision 26.6~70.9 𝑇ୌమ = 0.1~0.2eV [5.33,5.34] 
𝜎ୣ୪ୟୱ୲୧ୡ = 1.5~2.0 × 10ିଵଽ m-3 [5.42] 
𝑛ୌమ = 0.94~1.88  × 10
ଵଽ m-3 [5.21, 5.33] 
 
From Table 5.3, it has been shown that the 𝜆େେ is shorter than that for the CX and 
the elastic collision. Furthermore, the 𝜆େେ  is less or comparable to the characteristic 
scale length of the extraction region. Therefore, CC H--H+ process seems to be dominant 
for the momentum exchange for the SP H- ions and the resultant velocity reversal. 
In the present section, the MFPs are estimated based on the typical condition for 
fusion applications: 𝑝ୌమ = 0.3 Pa. In other H
- ion sources, e.g. H- ion source for Linac4, 
most of the experiments have been done under the high gas pressure regime, i.e. ~3 Pa of 
the 𝑝ୌమ. Due to the high gas pressure, the density of the H atoms is shown to be larger 
than that for the case of the low gas pressure [5.39, 5.40]: nH2≈2~3 ×10
20m-3. Therefore, 
the MFP of the CX and elastic collision possibly become smaller than that in Table 5.3, 
these collision processes then become dominant for the momentum transfer and resultant 
velocity reversal in the high gas pressure regime.  
 
5.4.2 Effect of CC H--H+ on the virtual cathode depth 
 
As seen from Fig. 5.5, the depth of the virtual cathode becomes small due to CC H--
H+. This is because CC H--H+ leads to the decrease in the H+ ion flux towards the PG as 
shown in Fig. 5.6. In Ref. [5.8], the depth of the virtual cathode can be given by  
 
𝜙୩ = 𝑇ୠln (𝛤ୠ/𝛤ୠ୫ୟ୶ ) , (5.10) 
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where 𝜙୩ and 𝛤ୠ୫ୟ୶ are the depth of the virtual cathode, particle flux of SP H- ions at 
the virtual cathode, respectively. Furthermore, the 𝛤ୠ is the particle flux of the SP H- ions 
at the PG surface (𝛤ୠ  = 𝑗ୠ/𝑞 ). In Eq. (5.10), 𝛤ୠ  and 𝑇ୠ  are fixed in the present 
simulation as input parameters, i.e. these are constant as shown in Table 5.2. Therefore, 
the 𝜙୩ is mainly determined by 𝛤ୠ୫ୟ୶. In the following, the effect of CC H--H+ on 
𝛤ୠ୫ୟ୶ is discussed. 
 As has been shown in Ref. [5.19], the particle flux for each species at the virtual 
cathode should obey the following Eq. (5.11) in order to avoid the charge accumulation: 
 
𝛤ୌశ,୚େ + |𝛤ୠ୫ୟ୶| = 𝛤 ,୚େ + 𝛤ୌ౒ౌష ,୚େ , (5.11) 
 
where 𝛤௝,୚େ is the particle flux density at the virtual cathode for the j-th species. In Eq. 
(5.11), the particle flux of electron (𝛤 ,୚େ), H+ ion (𝛤ୌశ,୚େ) and VP H- ion (𝛤ୌ౒ౌష ,୚େ) are 
directed towards the PG. However, only 𝛤ୠ୫ୟ୶ is directed towards the inside of the ion 
source since the SP H- ions are originally launched from the PG towards the inside of the 
ion source. By taking into account the direction of 𝛤ୠ୫ୟ୶, this particle flux, 𝛤ୠ୫ୟ୶ is 
expressed with its absolute value in Eq. (5.11). From Eq. (5.11), we can understand that 
the decrease in 𝛤ୌశ,୚େ  causes the increase in |𝛤ୠ୫ୟ୶|  when 𝛤 ,୚େ  and 𝛤ୌ౒ౌష ,୚େ  are 
almost constant. In the present simulation, 𝛤ୌశ,୚େ, |𝛤ୠ୫ୟ୶|, 𝛤 ,୚େ and 𝛤ୌ౒ౌష ,୚େ for the 
(a) case w/ and (b) w/o CC H--H+ are estimated, and they are summarized as in Table 5.4. 
These fluxes are obtained at the virtual cathode where the y = z = 0. As seen from Table 
5.4, 𝛤 ,୚େ is almost constant compared with the decrease in 𝛤ୌశ,୚େ due to CC H--H+ . In 
addition, the change of 𝛤ୌ౒ౌష ,୚େ due to CC H
--H+ is much smaller than the decrease in 
𝛤ୌశ,୚େ. From these results, 𝛤 ,୚େ and 𝛤ୌ౒ౌష ,୚େ are almost constant. Therefore, |𝛤ୠ୫ୟ୶| 
becomes large due to the decrease in 𝛤ୌశ,୚େ as shown in Eq. (5.11) and Table 5.4. Then, 
𝜙୩ becomes small from Eq. (5.10) in the case (a) w/ CC H--H+. 
From these results, Coulomb collision between H- ions and H+ ions leads : (1) the 
reduction of the 𝛤ୌశ,୚େ towards the PG due to CC H--H+, and (2) the increase in the 
𝛤ୠ୫ୟ୶ due to the decrease in 𝛤ୌశ,୚େ. The increase in 𝛤ୠ୫ୟ୶ causes the decrease in the 
depth of virtual cathode k from Eq. (5.10). 
 
Table 5.4 Particle fluxes for each particle at the virtual cathode [5.1]. 
Case 𝛤ୌశ,୚େ(m-2s-1) |𝛤ୠ୫ୟ୶|(m-2s-1) 𝛤 ,୚େ (m-2s-1) 𝛤ୌ౒ౌష ,୚େ(m
-2s-1) 
w/o CC H--H+ 3.3 × 10ଶଵ 2.7 × 10ଶଵ 5.9 × 10ଶଵ 0 
w/ CC H--H+ 2.0 × 10ଶଵ 4.1 × 10ଶଵ 6.1 × 10ଶଵ 6.9 × 10ଵଽ 
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5.4.3 Effect of CC H--H+ on the plasma sheath potential 
 
As shown in Fig. 5.5, plasma potential 𝜙୮ becomes small due to CC H--H+. This is 
because of the increase in the H- ion density in the bulk plasma region as shown in Fig.5.7.  
In Ref. [5.43], the theoretical estimate of result of 𝜙୮ including the effect of the H- 
ions is given by 
 
𝜙୮ ≈
௞ౘ୘౛
௘
ln ଵ
ఈାଵ ට
௠ౄశ
଼గ௠౛
 , (5.12) 
 
where 𝛼 is the ratio of the H- density to the electron density at the bulk plasma region, 
i.e. electronegativity. From Eq. (5.12), the p is mainly determined by 𝛼. Therefore, the 
effect of CC H--H+ on 𝛼 will be discussed below. 
As shown in Fig. 5.7, our results have shown that the H- density in the bulk plasma 
region is increased due to the CC H--H+. This increase in the H- density can lead to the 
decrease in the electron density when the H+ density is almost constant in order to keep 
the charge neutrality. In fact, the H+ ion density in the bulk plasma region is estimated to 
be 8.8 × 10ଵ଻mିଷ in the case (a) w/ CC H--H+ and 9.0 × 10ଵ଻mିଷ in the case (b) w/o 
CC H--H+, respectively. The H+ ion density in the bulk plasma region is almost constant.  
Based on these results, the electron density in the bulk plasma region becomes small due 
to the increase in the H- density by CC H--H+. As a result,  in the bulk plasma region 
becomes large. Due to increase in , 𝜙୮ becomes small as seen from Eq. (5.12). 
  
5.4.4 Effect of loss reactions for H- ions on the beam core component and beam 
optics 
 
As shown in Fig. 5.8 and Table 5.3, CC H--H+ leads the increase in the beam core 
component. This is mainly because the extracted SP H- ions from the bulk plasma region 
are increased due to the velocity reversal. In the bulk plasma region, some of the H- ions 
are possibly lost due to several reactions with the background neutral and/or plasma. This 
fact indicates that the extracted SP H- ions from the bulk region are destructed by the loss 
reactions before they are extracted, i.e. the 𝑗ୌష,ୡ୭୰ୣ possibly becomes smaller than that 
for the present results. However, the present simulation model has not taken into account 
the loss reactions for the H- ions. Therefore, we estimate the MFP of the loss reactions. 
They are then compared with the typical dimension of the extraction region to check our 
results.  
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From Refs. [5.4, 5.5, 5.10, 5.21], we focus on the following loss reaction for the H- 
ions in the bulk plasma region: (1)Mutual Neutralization (MN: H- + H+  H + H), and 
(2)Associative detachment (AD:H- + H  H2 + e). 
Here, the electron detachment (ED) process has been neglected. This is because the 
electron temperature in the extraction region is around 1eV, the collision cross-section of 
the ED process is then negligible under such a low electron temperature.  
The MFPs of the MN and the AD are given by 
 
𝜆୑୒ = 1/𝜎୑୒𝑛ୌశ , (5.13) 
 
𝜆୅ୈ = 1/𝜎୅ୈ𝑛ୌ , (5.14) 
 
Based on Eqs. (5.13) and (5.14), the MFPs of each loss reactions are summarized as in 
Table 5.5 for each plasma condition. As shown in Table 5.5, both of the MFPs for MN 
and AD are much longer than that for the characteristic scale length of the extraction 
region. Therefore, the effect of the loss reactions on the SP H- ions in the bulk region 
seems to be small. This estimate indicates that the beam core component seems to be 
increased due to CC H--H+ even in the case with the loss reactions.  
However, the collision cross section for the MN and the AD process should be 
obtained by the kinetic energy which is estimated from the relative velocity between 
particles involved in collisions. In Table 5.5, the velocity of the H- ions are neglected for 
the sake of the simplicity. Therefore, the MFP of the MN and the AD process possibly 
becomes smaller than that in Table 5.5. These loss reactions will be taken into account in 
the future.  
 
5.4.5 Boundary condition for SP H- ions 
 
As far as the particle boundary conditions for the electrons and positive ions 
concerned, we have used our previous model [5.19] explained in Chap. 2.9. Exactly the 
same boundary conditions are followed in other PIC models of extraction physics [5.26-
28, 5.44]. As recently pointed out in Ref. [5.44], these boundary conditions properly 
reproduce the sheath potential drop. 
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Table 5.5 The MFP of the H- collisions for destruction processes [5.1]. 
Collision type MFP (cm) Plasma Conditions 
MN 16.6~27.8 𝑇ୌశ = 0.25~0.50 eV, [5.33, 5.34] 
𝜎୑୒ = 3.6~6.0 × 10ିଵ଼ m-3 [5.38] 
 𝑛ୌశ = 1.0 × 10ଵ଼ m-3[5.30] 
   
AD 70.9~151 𝑇ୌ = 0.3~0.4 eV [5.32] 
𝜎୅ୈ = 1.4~1.5 × 10ିଵଽ m-3 [5.38] 
 𝑛ୌ = 4.7~9.4 × 10ଵ଼ m-3 [5.13,5.30] 
 
In the present model, only the boundary condition for the SP H- ions is changed from 
that in the previous model in Ref. [5.19]. In the present model, the SP H- ions across the 
boundaries are removed from the system, while they are reloaded into the source region 
in the previous model. In the present model, Phalo in the case (a) w/ CC H--H+ reasonably 
agrees with the experiments. However, Phalo in the case (b) w/o CC H--H+ is much larger 
than that for the experiments as was discussed in Sec. 5.4.2. In the case (b) w/o CC H--
H+, most of the SP H- ions are extracted from the periphery of the plasma meniscus then 
they are over-focused and they become beam halo component [5.31]. In other words, the 
SP H- ions are hardly extracted from the bulk plasma region. As a result, the beam core 
component becomes small, Phalo then becomes large.  
In the previous models, the velocity reversal for the SP H- ions has not reproduced in 
the bulk plasma region because CC H--H+ process was neglected. Therefore, it was 
necessary to reload the SP H- ions across the boundaries into the source region in order to 
reproduce the extracted H- ions from the bulk plasma region. The reloading of the SP H- 
ions corresponds to supply the SP H- ions extracted from the bulk plasma region by the 
velocity reversal due to CC H--H+. This is the reason why the previous simulations [5.19] 
have obtained the reasonable beam core component and the resultant Phalo despite CC H-
-H+ process is neglected. 
Therefore, we believe that taking into account CC H--H+ as a velocity reversal 
mechanism and the present boundary condition for the SP H- ions are more relevant for 
more realistic modeling of the H- extraction.  
 
 
 
 
 
Chapter 5 Effect of Coulomb Collision between surface produced H- ions and H+ 
ions on H- extraction mechanism and beam optics                 
 
83 
5.5  Summary of Chapter 5 
 
To clarify the extraction mechanism of the surface produced H- ions from the bulk 
plasma region in Cs-seeded H- ion sources, we have modeled the extraction region of H- 
ion sources by our 3D3V-PIC model. The effect of the Coulomb Collision between SP H- 
ions and H+ ions (CC H--H+) on the following items: (1) trajectories of the H- ions, (2) 
potential structure and (3) Ion Velocity Distribution Function (IVDF) are mainly studied. 
In the present simulation model, CC H--H+ has been taken into account by the Binary 
collision model. 
Our results have shown that CC H--H+ causes the increase in the extracted SP H- ions 
from the bulk plasma region. In order to clarify this increase, we have analyzed the effect 
of CC H--H+ on IVDF in the bulk region (5mm < x < 10 mm). In the case w/o CC H--H+, 
the velocity of the surface produced H- ions is mainly directed towards the inside of the 
ion source due to the acceleration in the sheath. On the other hand, the H- ions with the 
velocity towards the extraction hole are increased in the case w/ CC H--H+. 
From these results, the SP H- ions are extracted from the bulk plasma region mainly 
via the following processes in the simulations: 
 
(1) SP H- ions which have enough energy to overcome the virtual cathode reach the 
bulk plasma region. 
(2) In the bulk plasma region, these H- ions collide with the H+ ions which have the 
net flux towards the PG. 
(3) Due to collisions with these H+ ions and the resultant momentum exchange, some 
of the SP H- ions reverse the direction of their velocity towards the extraction hole 
(velocity reversal). 
(4) They are then extracted.  
 
In addition, the effect of CC H--H+ on the beam optics have been also studied. More 
specifically, the effect of CC H--H+ on the plasma meniscus and beam profile has been 
discussed. 
Our results have shown that CC H--H+ strongly affects the beam optics. More 
specifically, CC H--H+ causes the increase in the beam convergence component (beam 
core component) and the decrease in the beam divergence component (beam halo 
component), simultaneously. The increase in the beam core component is mainly because 
the extracted SP H- ions from the bulk plasma region are increased due to the velocity 
reversal by CC H--H+. The decrease in the beam halo component is mainly because the 
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penetration of the plasma meniscus becomes small.  
In most of the previous PIC simulation for the beam extraction, CC H--H+ have been 
neglected. In the present chapter, we have taken into account CC H--H+. As a result, the 
surface produced H- ions are not only extracted from the tip of the PG, but also from the 
bulk plasma due to CC H--H+. Moreover, most of the extracted H- ions from the bulk 
plasma possibly contribute to the beam core component. Therefore, CC H--H+ is shown 
to be very important for the beam optics in Cs-seeded H- ion sources. However, there are 
still several uncertainties or assumptions, which are discussed in Sec. 5.4. In the future, 
the model improvement described in Sec. 5.4 will be done for more quantitative study. 
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Chapter 6 
Conclusion 
 
6.1  Summary of this thesis 
 
Negative hydrogen ion (H-) sources have a wide range of applications, such as fusion 
plasma heating systems, accelerators for particle physics and medical uses. The common 
requirements of these H- ion sources are to produce the high current negative ion beam 
with good beam optics.  
Recently, the following experimental observations have been reported in various 
surface-produced H- ion sources: Ion-ion plasma layer which mainly consists of positive 
and negative hydrogen ions is formed in front of a beam aperture (extraction region). 
Moreover, the potential structure in the ion-ion plasma affects the negative ion beam 
optics. However, the formation mechanism of the ion-ion plasma layer and its effect on 
beam optics have not been fully understood. Therefore, the purpose of this study is to 
clarify the formation mechanism of the ion-ion plasma layer and its effect on the negative 
ion beam optics by numerical modeling for the extraction region.  
   In Chap. 1, the purpose of the present study is described. 
In Chap. 2, a kinetic three-dimensional plasma particle simulation model (3D Particle 
in Cell: PIC model) developed in the present study is explained. In addition, the validation 
of the 3D PIC model has been done by analyzing the extraction region in the H- ion source 
for the large fusion device (JT-60U). More specifically, the ratio of the beam divergence 
part to the total extracted H- ion beam, i.e. the beam optics by our 3D PIC model has 
shown reasonable agreement with the experiments.  
In Chap. 3, the formation mechanism of the ion-ion plasma layer is discussed by the 
3D PIC simulation. In the present 3D PIC model, the global electron loss along the 
magnetic filter field line has been newly implemented by the “ඥτ///𝜏ୄ model”. From 
the results, the present 3D PIC model has reproduced the formation of the ion-ion plasma 
layer as was observed in the experiments. Moreover, it is clarified that the formation of 
the ion-ion plasma layer is possibly explained by the electron loss along the magnetic 
filter field.  
In Chap. 4, the effect of the ion-ion plasma layer on the negative ion beam optics is 
discussed. The results have shown that the formation of the ion-ion plasma layer causes 
the increase in the curvature of the ion emissive surface (the contour surface where the 
electric field equal to be 0), the quality of the beam then becomes poor since the negative 
ion beam is over-focused. 
In Chap. 5, the extraction mechanism of the H- ions and its effect on beam optics are 
discussed. In the experiments, the negative ion beam mainly consists of the surface 
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produced (SP) H- ions which are extracted from the inside of the ion source (bulk plasma). 
However, the extraction mechanism of the SP H- ions from the bulk plasma has not been 
fully understood. The present 3D PIC model shows that the extraction of H- ion from the 
bulk plasma is mainly due to Coulomb collision between H+ ions and SP H- ions (CC H+-
H-). Moreover, it has been also shown that CC H+-H- causes the increase in the beam 
convergence part. As a result, the calculated beam optics quantitatively agrees with the 
experiments. Therefore, the developed 3D PIC model has a potential to be applied to the 
design calculation and to optimize the beam optics in H- ion sources. 
 
6.2  Future outlook 
    
   The developed 3D PIC model in this thesis has successfully described the ion-ion 
plasma layer observed in the experiments. In addition, the H- extraction mechanism from 
the bulk plasma region and the plasma meniscus formation in the ion-ion plasma layer 
have been studied. However, there still remains several future research and development 
issues.  
   In Chap. 3, it is shown that among various physical parameters, the electron 
confinement time is one of the key parameters for the formation of ion-ion plasma layer. 
However, in the present 3D PIC model, only the single aperture has been modeled and 
the electron loss has been taken into account by the simple “ඥ𝜏///𝜏ୄ model”. Therefore, 
in the future, careful modeling of the “global” electron loss from the whole system will 
be very important. In other words, not only the magnetic field configuration close to the 
beam aperture, but also the global magnetic configuration/topology in the entire source is 
important, because the electrons are easily lost along the field line. 
It is demanded to perform the integrated modeling from the plasma meniscus 
formation to the beam acceleration in order to design the beam acceleration system and 
to obtain good beam optics. The 3D PIC model developed in the present study is very 
useful for such integrated models. Coupling of the present 3D PIC model with the beam 
acceleration code-package (e.g. IBSIMU [6.1], TRAVEL 3D [6.2]) makes it possible to 
simulate not only the source plasma with surface H− production, but also the H− 
acceleration self-consistently without any assumption of plasma meniscus, while most of 
the beam-acceleration simulations by the conventional code-package mentioned above 
need assumptions for the plasma meniscus. Therefore, such an integrate modeling from 
the plasma meniscus formation to the beam acceleration will be one of the most important 
research and development issues in the future from the system design and engineering 
point of view.  
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